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STUDY OF CRITICAL DEFECTS I N  ABLATIVE HEAT SHIELD SYSTEMS 
FOR  THE  SPACE  SHUTTLE 
By R. L. Thompson, W .  D. Rummel , W .  E. D r i v e r  
M a r t i n  M a r i e t t a  Corporat ion 
SUMMARY 
The p o t e n t i a l  u s e  o f  a b l a t i v e  materials f o r  S p a c e  S h u t t l e s  r e q u i r e s  d e v e l o p -  
ment of l ow-cos t   f ab r i ca t ion   p rocesses .   These   f ab r i ca t ion   cos t s   cou ld   be   sub -  
s t a n t i a l l y  r e d u c e d  i f  t h e  a c c e p t a b i l i t y  of c e r t a i n  n o n c r i t i c a l  d e f e c t s  i n  t h e  
a b l a t i v e  h e a t  s h i e l d  c o u l d  b e  d e m o n s t r a t e d .  
An experimental  program was conducted t o  i n v e s t i g a t e  methods f o r  d e t e c t i n g  
d e f e c t s  a n d  t o  i d e n t i f y  f a b r i c a t i o n a l  d e f e c t s  c r i t i c a l  t o  t h e  p e r f o r m a n c e  of t h e  
h e a t  s h i e l d  d u r i n g  t h e  S h u t t l e  r e e n t r y  e n v i r o n m e n t .  A NASA-Langley a b l a t o r ,  
MG-36, served  as a b a s e l i n e  material f o r  t h i s  s t u d y .  T h i s  material c o n s i s t s  of 
an open-face honeycomb  bonded t o  a f i b e r g l a s s  s u b s h e e t  a n d  f i l l e d  w i t h  a low- 
d e n s i t y  s i l i c o n e  a b l a t i v e  m a t e r i a l .  The a b l a t i v e  f i l l e r  c o n s i s t s  of a s i l i c o n e  
r e s i n ,   g l a s s   f i b e r s ,   a n d   p h e n o l i c   m i c r o s p h e r e s .   D e f e c t s  were in t roduced  by a l -  
t e r i n g  t h e  f a b r i c a t i o n  p r o c e s s  a n d  by us ing  s imula ted  models  to  produce  fabr ica-  
t iona l   var iances   and   phys ica l   f laws .   Thermal  tests of material specimens were 
conduc ted  in  a plasma arc  f a c i l i t y .  
Resu l t s  were ob ta ined  on bulk  dens i ty  var ia t ions  be tween panels  and  dens i ty  
g rad ien t s ,  vo ids  , core  damage, a b l a t o r  b o n d i n g  t o  t h e  c o r e ,  unbonds  between  the 
co re  and  the  f ace  shee t ,  de l amina t ions  of t h e  face shee t ,  h igh-dens i ty  (meta l )  
i nc lus ions ,  f i be r  bund les ,  unde rcu t  co re ,  and  cu re  va r i a t ions  be tween  pane l s .  
The responses of these specimens were compared with the responses of specimens 
prepared   in   accordance   wi th  a base l ine   p rocess .  The r e s u l t s  show c e r t a i n  t r e n d s  
i n  b a c k  s u r f a c e  t e m p e r a t u r e  a n d ,  a l t h o u g h  f i n a l  d e s i g n a t i o n  as t o  c r i t i c a l i t y  
depends on vehicle design c r i te r ia  and  requi rements ,  cer ta in  genera l  requi rements  
have  been set  f o r t h  f o r  e v a l u a t i o n  of s t u d y  r e s u l t s .  B u l k  d e n s i t y  v a r i a t i o n s ,  
d e n s i t y  g r a d i e n t s ,  l o c a l i z e d  c o r e  c r u s h i n g ,  a n d  c u r e  v a r i a t i o n s  were a l l  found 
t o  b e  n o n c r i t i c a l  w i t h  r e s p e c t  t o  material thermal  per formance .  Large  voids  tha t  
r e s u l t e d  i n  a 20% dens i ty  r educ t ion  s ign i f i can t ly  a f f ec t ed  back  su r face  t emper -  
a t u r e .  However, t h e r e  w a s  no c a t a s t r o p h i c  f a i l u r e  s u c h  as l o s s   o f   a b l a t o r   f r o m  
t h e  honeycomb cel ls  even when t h e  material w a s  c h a r r e d  p a s t  t h e  v o i d  areas. The 
s e l e c t i o n  and a p p l i c a t i o n  o f  a r e s i n  bond c o a t i n g  t o  t h e  honeycomb c o r e  f o r  bond- 
i n g  t h e  f i l l e r  w a s  f o u n d  t o  a f f e c t  b o t h  t h e  b o n d  s t r e n g t h  a n d  t h e  i n s u l a t i v e  c a -  
p a b i l i t y  of t h e  material. No evidence w a s  found t o  i n d i c a t e  t h a t  small, high-  
d e n s i t y  ( m e t a l )  i n c l u s i o n s  o r  o c c a s i o n a l  f i b e r  b u n d l e s  h a d  a n y  e f f e c t  on material 1 behavior .  




Abla t ive  materials have  been  used  ex tens ive ly  on  pas t  manned and unmanned 
r e e n t r y  v e h i c l e s  t o  p r o v i d e  t h e r m a l  p r o t e c t i o n  d u r i n g  r e e n t r y .  The des ign  eval- 
ua t ion  o f  ab la t ive  hea t  sh i e ld  sys t ems  depends  on  knowing  ce r t a in  bas i c  o r  criti- 
cal p r o p e r t i e s  o f  t h e  m a t e r i a l .  O f t e n  t h e s e  p r o p e r t i e s  are based  on small con- 
t ro l l ed  sample  tests f rom  which   engineer ing   des ign   da ta  are obta ined .   These   da ta  
are typ ica l ly  gene ra t ed  f rom samples  tha t  are n e a r l y  f r e e  of  phys ica l  f laws  and  
f a b r i c a t i o n  v a r i a n c e s .  T h u s ,  d e s i g n s  h a v e  b e e n  e s t a b l i s h e d  b a s e d  on i d e a l  p e r -  
formance ,  and  sys tem re l iab i l i ty  has  been  assured  through e labora te  manufac tur -  
i ng  and  qua l i ty  con t ro l  p rocedures  tha t  wou ld  in su re  nea r ly  de fec t - f r ee  pane l s .  
S i n c e  p r e v i o u s  i n v e s t i g a t i o n s  h a v e  c o n s i d e r e d  f a b r i c a t i o n  d e f e c t s  o n l y  d u r i n g  
ha rdware  ve r i f i ca t ion  phases ,  ve ry  l i t t l e  expe r imen ta l  da t a  are a v a i l a b l e  con- 
c e m l n g  t h e  s e n s i t i v i t y  of c r i t i c a l  material p r o p e r t i e s  t o  d e f e c t s .  
The approach  above  has  produced  cos t l j r  hea t  sh ie lds  and ,  in  rev iewing  the  
f l ight  performance of  such programs as Apollo,  PRIME , e t c ,  t he  ques t ion  has  been  
r a i s e d  a s  t o  t h e  n e c e s s i t y  of a "defect-free"   design.  The p o s s i b l e  c o s t  s a v i n g s  
from a s i m p l i f i e d  p r o c e s s  f o r  t h e  a p p l i c a t i o n  o f  a b l a t o r s  t o  v e h i c l e s  t h e  s i z e  
of  the proposed Space Shut t le  makes i t  v e r y  d e s i r a b l e  t o  f u r t h e r  i n v e s t i g a t e  t h e  
e f f e c t s  of   these  material v a r i a t i o n s  on performance.   This   s tudy was conducted 
t o  d e t e r m i n e  t h e s e  e f f e c t s  b e f o r e  f a b r i c a t i o n  p r o c e s s e s  are e s t a b l i s h e d  s o  t h e  
processes  may be  d i rec ted  toward  low-cos t  methods  and  the  need  for  process  con-  
t r o l  a n d  q u a l i t y  i n s p e c t i o n  may be minimized. 
The b a s i c  o b j e c t i v e s  o f  t h i s  p r o g r a m  were to  de te rmine ,  th rough a comprehen- 
sive test program considering a l l  phases  of  the  Space  Shut t le  f l igh t  envi ronments ,  
t h e  (1) e f f e c t s  on a b l a t i v e  p a n e l  p e r f o r m a n c e  o f  t h e  d e f e c t s  t h a t  commonly occur  
d u r i n g  p a n e l  f a b r i c a t i o n ,  ( 2 )  m e t h o d s  f o r  i n s p e c t i o n  a n d  c e r t i f i c a t i o n  of ab la-  
t ive  h e a t  s h i e l d s ,  a n d  ( 3 )  consequence of a c c e p t i n g  n o n c r i t i c a l  d e f e c t s  o n  
h e a t  s h i e l d  p a n e l  f a b r i c a t i o n  c o s t .  
The program was planned as a s i x - t a s k  e f f o r t  o f  w h i c h  t h e  p r e s e n t  c o n t r a c t ,  
NAS1-10289, c o v e r e d   o n l y   t h e   f i r s t   t h r e e   t a s k s .  By t a s k ,   t h e   s p e c i f i c   o b j e c t i v e s  
are to:  
Task I - I d e n t i f y  a n d  c h a r a c t e r i z e  p o t e n t i a l l y  c r i t i ca l  d e f e c t s ,  s u r v e y  
in spec t ion  t echn iques  and  eva lua te  those  mos t  su i t ab le  fo r  l oca t ing  and  
i d e n t i f y i n g  d e f e c t s  i n  t h e  h e a t  s h i e l d ,  a n d  d e v e l o p  m e t h o d s  f o r  i n d u c i n g  
t h e  a p p r o p r i a t e  d e f e c t s  i n t o  t es t  specimens of t h e  b a s e l i n e  h e a t  s h i e l d  
system; 
Task I1 - Plan Tasks I11 t h r u  V I  and conduct NDT in spec t ion  o f  GFP ab la-  
t i v e  p a n e l s ;  
Task 111 - I n v e s t i g a t e  t h e  e f f e c t s  of var ious  fabr ica t ion- induced  de-  
f e c t s  on  the  ab la to r  pe r fo rmance  in  the  s imula t ed  Shu t t l e  r een t ry  env i ron -  
men t . 
During Task 111, t h e  f o l l o w i n g  v a r i a n c e s  were i n v e s t i g a t e d  w i t h  r e s p e c t  t o  
thermal performance: 
1) Bond c o a t   e f f e c t s ;  
2 
2) Bu lk   dens i ty   va r i a t ions ;  
3) Dens i ty   g rad ien t s ;  
4 )  Void l o c a t i o n s ;  
5) Core   re inforcement   e f fec t iveness  ; 
6 )  Cure c y c l e   v a r i a t i o n s .  
Tens i l e  p rope r ty  tests were conducted t o  de t e rmine  the  e f f ec t s  o f  bond c o a t i n g ,  
dens i ty ,  honeycomb co re ,  cu re  cyc le ,  and  f ibe r s  on f i l l e r  bond s t r e n g t h  and the 
u l t i m a t e  s t r a in  and e las t ic  modulus of the a b l a t i v e  material. 
A secondary  ob jec t ive  of t h i s  s t u d y  p h a s e  w a s  to  per form explora tory  envi ron-  
mental  exposure tests t o  o b t a i n  a bas i s  fo r  t he  execu t ion  o f  Task  I V  work, during 
which  nonentry  environments w i l l  be  cons ide red .  Wi th  th i s  ob jec t ive  in  mind ,  
two  8x16x2-inch (20 .3~40 .6~5 .1 -cm)  pane l s  were f a b r i c a t e d  and  exposed t o  simu- 
l a t e d   p r e - r e e n t r y   e n v i r o n m e n t s   p r i o r   t o   r e e n t r y   t h e r m a l   t e s t i n g .  One of   these  
pane l s   con ta ined   . t he   fo l lowing   de fec t s :   c rushed   co re ,   unde rcu t   co re ,   no  bond 
coa t ,  f i be r  bund les ,  h igh -dens i ty  area, low-density area, and metal i n c l u s i o n s .  
I n  a d d i t i o n ,  a core- to-face sheet  unbond  and face  shee t  de lamina t ion  were ir:cor-- 
pora ted  a t  two  of t he  fou r  a t t achmen t  po in t s .  
Th i s   r epor t   p re sen t s   t he   r e su l t s   o f   Tasks  I ,  11, and 111 o f  t h i s  s t u d y .  Twr; 
sys tems of  un i t s  are u s e d  f o r  d e f i n i n g  p h y s i c a l  q u a n t i t i e s ,  t h e  U.S. Customary 
Sys tem  and   the   In te rna t iona l  S y s t e m  of   Uni t s .  M r .  W. D .  Brewer, Langley  Research 
Center, w a s  t e c h n i c a l  r e p r e s e n t a t i v e  f o r  t h e  p r o j e c t .  
IDENTIFICATION AND CHARACTERIZATION OF POTENTIALLY  CRITICAL DEFECTS 
Discussion o f  Crit ical  Defects 
The thermal  pro tec t ion  sys tem for  the  Space  Shut t le  must  be  des igned  to meet 
cer ta in   per formance   requi rements .   In   the  case of   an   ab la t ive   sys tem,   the  p e r - -  
formance  requirements are i d e n t i f i e d  as fol lows:  
1)  A t h e r m a l  i n s u l a t i o n  c a p a b i l i t y  t o  p r o t e c t  t h e  s t r u c t u r e  t o  a 
g iven  tempera ture ;  
2) A s t r u c t u r a l  c a p a b i l i t y  t o  i n s u r e  r e t e n t i o n  o f   t h e   a b l a t i v e  layer ;  
3) Retent ion   of   the   char   l ayer ;  
a. 
4) Compat ib i l i ty  wi th  o ther  onboard  sys tems and  wi th  the  payload  and/or  
s p a c e  s t a t i o n s .  
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The above requirements define a set  of c r i t i ca l  p r o p e r t i e s  f o r  t h e  a b l a t i v e  
sys t em.  These  p rope r t i e s  must b e  e s t a b l i s h e d ,  t o g e t h e r  w i t h  t h e  s e l e c t e d  ma- 
ter ia l  and  design, s o  the  performance  requirements  are met. For   the  material 
a n d  t h e  d e s i g n  ( r e f  f i g .  1 )  c o n s i d e r e d  i n  t h i s  p r o g r a m ,  t h e  b a s i c  c r i t i ca l  prop- 
erties h a v e  b e e n  i d e n t i f i e d  as: 
Therma l  p rope r t i e s ;  
Ab la t ive  l aye r  mechan ica l  p rope r t i e s ;  
Char l a y e r  i n t e g r i t y ;  
S u r f a c e  e r o s i o n  r e s i s t a n c e ;  
Chemical compos i t ion  and  s t ab i l i t y ;  
Ab la t ive  l aye r  bond  to  subpane l ,  e .g .  , f a c e  s h e e t ,  s u p p o r t  
p a n e l ,  b a s i c  s t r u c t u r e ;  
Panel  dimens  ions ; 
Subpanel  mechanical  propert ies .  
A c r i t i c a l  d e f e c t  is  de f ined  8 s  a pe r tu rba t ion  o f  t he  ab la t ive  sys t em tha t  
a f f e c t s  t h e  above c r i t i c a l  p r o p e r t i e s  t o  t h e  e x t e n t  t h a t  t h e  s y s t e m  d o e s  n o t  meet 
the   bas ic   per formance   requi rements .   For   example ,   ou t -of - to le rance   microspheres  
c o u l d  c a u s e  t h e  a b l a t i v e  m i x t u r e  t o  b e  d r y .  T h i s ,  i n  t u r n ,  c o u l d  c a u s e  t h e  u l t i -  
mate s t r a i n  t o  b e  low, r e s u l t i n g  i n  c r a c k s  d u r i n g  t h e  o r b i t a l  p h a s e  o f  t h e  m i s -  
s i o n  and u l t i m a t e l y  i n  l o s s  o f  t h e  c h a r  d u r i n g  e n t r y .  By t h e   a b o v e   d e f i n i t i o n ,  
t h e  c r i t i c a l  proper ty  involved  i s  t h e  u l t i m a t e  s t r a i n  o f  t h e  a b l a t i v e  l a y e r  a n d  
t h e  c r i t i c a l  d e f e c t  i s  the presence of  out-of- tolerance microspheres .  
The concept  of a c r l t i c a l  d e f e c t  i s  f u r t h e r  e x e m p l i g i e d  i n  f i g u r e  2 ,  which 
shows t h e  sequen.ce of e v e n t s  f o r  t h e  l i f e  of t h e  a b l a t i v e  p a n e l s .  E x c e p t  f o r  
d e f e c t s  t h a t  are introduced by mishandl ing,  a l l  d e f e c t s  w i l l  be  in t roduced  before  
completion  of  the  panel  assembly.  Furthermore,   assuming  the raw materials meet 
s p e c i f i c  a c c e p t a n c e  c r i t e r i a ,  t h e  m a j o r i t y  of d e f e c t s  w i l l  be  in t roduced  dur ing  
t h e  subcomponent f a b r i c a t i o n  ( a b l a t i v e  material mix ing ,  f ace  shee t  bond ing)  o r  
du r ing   pane l   f ab r i ca t ion   ( f i l l i ng ,   cu r ing ,   and   mach in ing ) .   S ince   t he   bas i c   de -  
f e c t s  are c r e a t e d  and should be detected and control led in  the subcomponent  and 
p a n e l  f a b r i c a t i o n  p h a s e ,  t h i s  p h a s e  w i l l  be  the  foca l  po in t  of  th i s  program.  
In  r ev iewing  ' t he  pe r fo rmance  r equ i r emen t s ,  t he  in su la t ion  capab i l i t y  is  the  
s a l i e n t  r e q u i r e m e n t  s i n c e  t h e  s o l e  p u r p o s e  o f  t h e  a b l a t i v e  h e a t  s h i e l d  s y s t e m  is  
t o  p r o t e c t  t h e  s t r u c t u r e .  The s t r u c t u r a l  and t h e  c h a r  l a y e r  r e t e n t i o n  r e q u i r e -  
men t s   r ea l ly   suppor t   t he   i n su la t ion   pe r fo rmance   r equ i r emen t .  They are de f ined  as 
bas ic  per formance  requi rements  because  they  are e s s e n t i a l  and provide a b a s i s  f o r  
d e f i n i n g  t h e  p r o p e r t i e s  t h a t  d i c t a t e  t h e  s t r u c t u r a l  a n d  t h e  c h a r  l a y e r  i n t e g r i t y  
o f  t he  ab la t ive  sys t em.  
4 
Note: 1. The heat  shield  consisted of a full-depth,  phenolic-glass 
honeycomb f i  1 led w i t h  an elastomer ablator and bonded t o  
a fiberglass backface sheet 
2. The panel thickness 2.0 i n .  (5.08 cm)  was nomlnally com- 
patible with  thermal protectlon requirements for the 
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Figure 1.- Ablative Panel Design 
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The compatibi l i ty  performance requirement  is unique i n  t h a t  i t  d e f i n e s  f a i l -  
u re s  o f  t he  ab la t ive  sys t em in miss ion  phases  o thex  than  reent ry .  This  requi re -  
ment h a s  b e e n  e s t a b l i s h e d  on t h e  p r e m i s e  t h a t  t h e  p r e s e n c e  o f  t h e  a b l a t i v e  s y s -  
t e m  will not  cause  fa i lures  of  o ther  sys tems.  For  example ,  an  improper ly  cured  
p a n e l  c o u l d  l e a d  t o  excessive- o u t g a s s i n g  d u r i n g  t h e  o r b i t  p h a s e  t h a t  c o u l d  damage 
o p t i c a l  s y s t e m s  on a pay load  o r  a s p a c e  s t a t i o n .  This t h e n  i s  a f a i l u r e  o f  t h e  
ablat ive system where the cr i t ica l  d e f e c t  i s  an improperly cured panel .  
A second  type  o f  compa t ib i l i t y -  f a i lu re  is where the other  system harms the 
ab la t ive  sys t em.  For  example ,  t he  ab la t ive  material may be p r o t e c t e d  from damage 
by a, p a r t i c u l a r  f l u i d  t h r o u g h  t h e  u s e ,  o f '  a p r o t e c t i v e  c o a t i n g .  A break i n  t h e  
coa t ing  could  &Low t h e .  f l u i d  to soak  in to  the  pane l  and  cause  loss of  the  char -  
l aye r  and  inadequa te  the rma l  p ro tec t fon  du r ing  en t ry .  In  th i s  case.t the break  
i n  the ,  coa t ing  is- t h e  c r i t i ca l  d e f e c t  and t h e  loss of  t h e  c h a r  l a y e r  is the per- 
f ormance f a i l u r e  . 
D e f e c t s   I d e n t i f i e d  
Defec t s  t ha t  have  been  iden t i f i ed  as p o t e n t i a l l y  c r i t i c a l  are shown i n  
f i g u r e  3 ,  which  a l so  relates t h e s e  d e f e c t s  i n  terms of t h e i r  e f f e c t s  on c r i t i ca l  
p r o p e r t i e s .  One of  the  most  obvious  conclusions drawn f r o m   t h i s   f i g u r e  is t h a t  
n o t  o n l y  t h e  t h e r m a l  p r o p e r t i e s  b u t  a l s o  t h e  m e c h a n i c a l  a n d  c h a r  i n t e g r i t y  p r o p -  
erties are impor t an t  i n  a s su r ing  success fu l  hea t  sh i e ld  pe r fo rmance .  
The b a s i s  f o r  t h i s  c o m p i l a t i o n  w a s  a l i t e r a t u r e  s e a r c h  a n d  review of  the fab-  
r i c a t i o n  p r o c e s s .  
A b l a t i v e  M a t e r i a l  D e f e c t s  
The most  important  propert ies  of  the ablat ive material are i ts  i n s u l a t i o n  
c h a r a c t e r i s t i c s ,   c h a r   s t a b i l i t y ,   a n d   r e s i s t a n c e   t o   s u r f a c e   e r o s i o n .   I n   a d d i t i o n ,  
t h e  m a t e r i a l  p r o v i d e s  a d d e d  s t i f f n e s s  a g a i n s t  b e n d i n g  a n d  v i b r a t i o n  o r  f l u t t e r -  
induced  loads.  The fo l lowing   de fec t s   have   been   i den t i f i ed  as a f f e c t i n g  t h e s e  
p r o p e r t i e s .  
Cracks.- Cracks are def ined  as v e r t i c a l  d i s c o n t i n u i t i e s  t h a t  c a n  b e  c o n t a i n e d  
w i t h i n  t h e  f i l l e r  of a given c e l l  or  run  cont inuous ly  across  many a d j a c e n t  cel ls .  
Cause: S i n c e  t h e  a b l a t o r  material provides  much o f  t h e  b a s i c  s t i f f n e s s  f o r  
t h e  r e f e r e n c e  d e s i g n  a n d  f o r  t h e  l a r g e  p a n e l s  b e i n g  c o n s i d e r e d  f o r  t h e  S p a c e  
Shut t le ,  2x4-f t  (0 .67x1.22 m) , cracking caused by unsupported handling be- 
comes a very  real  p o s s i b i l i t y .  O t h e r  c a u s e s  w o u l d  b e  r e s i d u a l  stresses, co ld  
soak s t r a i n ,  and thermal stresses dur ing  r een t ry .  
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Figure 3 . -  Potential  Critical Defects (cont) 
la 
E f f e c t :  L o c a l i z e d   s u r f a c e   c r a c k s  that  r u n  o u t  t o  t h e  ce l l  walls could   l ead  
t o  c h a r  l o s s  i f  c o u p l e d  with p o o r  s t r e n g t h  i n  t h e  f i l l e r - t o - c o r e  bond. 
Cracks running across  cells  c o u l d  s e r i o u s l y  r e d u c e  o v e r a l l  p a n e l  s t i f f n e s s  
and ,  under  f l igh t - induced  buf fe t ing  and  v ibra t ion  loads ,  the  pane l  would  be  
s u s c e p t i b l e  t o  c r a c k  p r o p a g a t i o n  l e a d i n g  t o  excessive load ing  of t h e  at- 
tachments and p o s s i b l e  p a n e l  l o s s .  
Delaminations .- Delaminations are de f ined  as d i s c o n t i n u i t i e s  a p p r o x i m a t e l y  
p a r a l l e l  t o  t h e  a b l a t i v e  p a n e l  s u r f a c e .  They would normally be constrained by 
t h e  ce l l  walls and n o t  b e  s u s c e p t i b l e  t o  p r o p a g a t i o n .  
Cause: By o u r  d e f i n i t i o n ,  d e l a m i n a t i o n s  o c c u r  i n  a p l ane  no rma l  to  the  ap -  
p l i e d   p r e s s u r e   d i r e c t i o n   d u r i n g   f i l l i n g   a n d   c u r e .   I n h o m o g e n e i t i e s   i n   t h e  
f i l l e r  can  become s t r a t i f i e d  o r  l a y e r e d  u n d e r  p r e s s u r e  a n d ,  a t  e l e v a t e d  t e m -  
p e r a t u r e s ,   r e s u l t   i n   l o c a l i z e d   r e s i d u a l  stresses a f t e r   c u r e .   T h e s e   r e s i d u a l  
stresses are a poss ib l e   sou rce   o f   de l amina t ion .  However, a more l i k e l y  
source would be tension stresses d e v e l o p e d  d u r i n g  r e e n t r y  t e n d i n g  t o  p u l l  
t h e  c h a r  l a y e r  a p a r t .  
Ef fec t :  I f   t h e s z   d e l a m i n a t i o n s  are p r e s e n t  o r  deve lop   dur ing   reent ry ,   they  
w i l l  a f f e c t  c h a r  s t r e n g t h  a n d  c o u l d  r e s u l t  i n  c h a r  l o s s .  
Voids.-  Voids are de f ined  as material d i s c o n t i n u i t i e s  w i t h  a b l a t i v e  material 
no t   i n   con tac t   ac ross   t he   d i scon t inu i ty .   Vo ids   i n   honeycomb- f i l l ed   ab la t ive  ma- 
ter ia ls  normally are f o u n d  n e a r  t h e  f a c e  s h e e t  o r  i n  areas where  co re  sp l i ces  
have  been made. T h e i r  s i z e ,  number  and o r i e n t a t i o n s  are g e n e r a l l y  random ( s e e  
f i g .  4 ) .  
Cause: Voids are caused   by   l ack   o f   su f f i c i en t   ab l a t ive  material w i t h i n  a 
ce l l ,  en t r apmen t  o f  gases  du r ing  f ab r i ca t ion ,  and  obs t ruc t ions  in  the  c e l l  
passage.  An example of an o b s t r u c t i o n  i s  s u r p l u s  r e s i n  u s e d  f o r  c o r e  
s p l i c i n g  o r  c o r e  bond coa t ing .  
E f f e c t :  Voids  can a f fec t   hermal   per formance   in   the   fo l lowing   ways .   Voids  
of  Type I ( l a r g e  b u b b l e s )  are most  de t r imenta l  when they  occur  near  the  sur -  
face  and become exposed   t h rough   su r f ace   r eces s ion .   The   i nc reases   i n   t h i ck -  
n e s s  r e q u i r e d  t o  m a i n t a i n  s t r u c t u r e  d e s i g n  t e m p e r a t u r e s  was shown t o  b e  a p -  
p r o x i m a t e l y  e q u a l  t o  t h e  v o i d  d i m e n s i o n  i n  t h e  d i r e c t i o n  o f  h e a t  f l o w . *  
Voids  of  Type I1 ( h i g h - p o r o s i t y )  i n  e f f e c t  r e d u c e  material densi ty  and could 
cause  increased  surface  recession  and  roughness .   Depending on d e g r e e ,   t h i s  
c o u l d  a f f e c t  s u r f a c e  h e a t i n g  and u l t i m a t e l y  i n c r e a s e  s t r u c t u r e  t e m p e r a t u r e s .  
Voids  of  Type I11 ( p a r t i a l l y  f i l l e d  c e l l s )  are o f  spec ia l  conce rn  because  
t h e y   r e s u l t   i n   c o m p l e t e l y   v a c a n t  cel ls  below  the  obstruct ion.   Al though  the 
e f f e c t  on s t r u c t u r e  t e m p e r a t u r e  i s  unknown, i t  could be catastrophic  depend-  
i n g  on t h e  number  and s i z e  o f  t h e s e  v o i d s .  
* 
Carlson,  D. L. : T e s t  Report ,  Plasma Arc Tests for   Acceptance  Criteria of 
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Unbonds from honeycomb core.- Unbonds f rom the  honeycomb c o r e  are def ined  as 
d i s c o n t i n u i t i e s  a t  t h e  i n t e r f a c e  b e t w e e n  t h e  honeycomb c e l l  wal l  a n d  t h e  a b l a t i v e  
f i l l e r .  T h e  unbonds can occur along one or more ce l l  walls. 
Cause: I n  many a b l a t i v e - f i l l e d  honeycomb s t r u c t u r e s ,  a bond  between t h e  f i l -  
ler and t h e  c o r e  i s  a c h i e v e d  b y  p r e t r e a t i n g  t h e  c o r e  o f t e n  w i t h  a n  a d h e s i v e  
c o a t i n g .  F a i l u r e  t o  p e r f o r m  t h i s  o p e r a t i o n  o r  f a i l u r e  t o  p e r f o r m  i t  proper ly  
can cause poor  or  weak bonds.  Other  causes  of  unbonds  would  be  thermal ex- 
p a n s i o n  o f  t h e  a b l a t o r  o u t  o f  t h e  ce l l s ,  and  thermal  shr inkage  dur ing  co ld  
soak. 
E f f e c t :  Bond f a i l u r e  c o u l d  r e s u l t  i n  l o s s  o f  f i l l e r  d u r i n g  vacuum cold  soak 
and lo s s  o f  c h a r  d u r i n g  r e e n t r y .  I n  a d d i t i o n ,  a c r a c k  o r  unbond a long  one  
s i d e  of a ce l l  wal l  w i l l  p r e v e n t  t h e  t r a n s m i s s i o n  o f  s t r a i n  t o  t h e  a d j a c e n t  
ce l l ,  t h u s  a f f e c t i n g  p a n e l  s t r e n g t h  a n d  s t i f f n e s s .  
Density.- Density is a very important  material c h a r a c t e r i s t i c  b e c a u s e  o f  i t s  
e f f e c t  on i n s u l a t i o n  a n d  a b l a t i o n  p r o p e r t i e s .  D e n s i t y  g r a d i e n t s  c a n  o c c u r  f r o m  
t h e  s u r f a c e  t o  t h e  face s h e e t  and  dens i ty  var ia t ions  f rom c e l l  t o  ce l l  and panel 
t o  p a n e l  c a n  b e  p r o d u c e d  d u r i n g  f a b r i c a t i o n .  
Cause: D e n s i t y  g r a d i e n t s  r e s u l t  when p r e s s u r e  a p p l i e d  t o  t h e  f i l l e r  material 
a t  the  top  o f  t he  ce l l  i s  no t  un i fo rmly  t r ansmi t t ed  to  the  bo t tom o f  the  ce l l .  
The major causes of d e n s i t y  v a r i a t i o n s  f r o m  c e l l  t o  ce l l  are t h e  l o c a l i z e d  
use of  impact  force and i t s  r a t h e r  random a p p l i c a t i o n  b y  f a b r i c a t i o n  p e r s o n -  
n e l .  O t h e r  less s i g n i f i c a n t  c a u s e s  are t h e  v a r i a t i o n  i n  f i l l e r  d e n s i t y  
caused by such raw material v a r i a t i o n s  as microsphere s ize  and poor  mixing 
o f  t h e  material. T h e  d e n s i t y  g r a d i e n t  n o r m a l  t o  t h e  s u r f a c e  i s  a d i r e c t  re- 
s u l t  o f  f o r c e  t r a n s f e r  t o  t h e  c e l l  walls .* 
E f f e c t :  Dens i ty   va r i a t ions   cause   compl i ca t ions   and   unce r t a in t i e s   i n   de f in ing  
r e l i ab le   ana ly t i ca l   mode l s   fo r   pe r fo rmance   p red ic t ions .   Aerodynamic   pe r -  
formance could be affected by a dens i ty  va r i a t ion  f rom one  c e l l  t o  a n o t h e r  
because  the  dens i ty  var ia t ions  could  produce  low-dens i ty  a reas  a t  the  sur face .  
Dur ing  reent ry  th i s  could  produce  nonuni form sur face  recess ion  and  would a f f e c t  
aerodynamic smoothness,  possibly causing downstream flow separation. 
F i l l e r  i n t e g r i t y . -  T h e  m a j o r  f u n c t i o n s  o f  t h e  f i l l e r s  i n  t h e  a b l a t i v e  ma- 
ter ia l  are t o  p r o v i d e  a d d e d  s t r e n g t h  t o  t h e  e l a s t o m e r i c  m a t r i x  and r educe  the  
composi te   densi ty .  The fo l lowing   de fec t s   can   a f f ec t   t hese   p rope r t i e s .  
Broken f ibers :  One way t h a t  f i b e r s  r e i n f o r c e  t h e  c h a r  l a y e r  i s  by  b r idg ing  
t h e  l o w - d e n s i t y  p y r o l y s i s  z o n e .  F o r  t h e s e  f i b e r s  t o  b e  e f f e c t i v e ,  t h e i r  l e n g t h  
mus t  be  g rea t e r  t han  the  py ro lys i s  zone  wid th .  S ince  s i l i c a  f i b e r s  are extremely 
small and b r i t t l e ,  t h e y  are s u s c e p t i b l e  t o  b r e a k a g e .  
Cause: Dur ing  p rocess ing  these  f ibe r s  can  become b roken  and  d i s in t eg ra t ed  
because  o f  t he i r  low p h y s i c a l  s t r e n g t h .  
* 
Chandler, Hue1 H. : Low-Cost Abla t ive  Heat S h i e l d s  f o r  S p a c e  S h u t t l e s .  
NASA CR-111800, October 1970. 
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Effect: Broken  f ibers  may not  be  of  adequate  length  to  br idge  the  pyro-  
l y s i s  zone  and  thus  w i l l  r educe  the  material's a b i l i t y  t o  r e t a i n  i t s  char .  
I n  a d d i t i o n ,  t h e  s t r e n g t h  o f  t h e  c h a r  t o  resist s k i n  f r i c t i o n  s h e a r  f o r c e s  
may be reduced. 
Broken microspheres: Microspheres are used as a low-density f i l l e r  i n  many 
a b l a t i v e  materials and,  because they have low s t r eng th ,  t hey  can  be  b roken  qu i t e  
e a s i l y .  
Cause: A cer ta in  percentage  of  microspheres  are broken when received from 
the  manufac turer .  Many more can  be  broken  dur ing  mixing  ( the  percentage  
depending on the  shear ing  ac t ion  of  the  mixer  and  mixing  t ime)  and  packing  
o f  t h e  a b l a t i v e  f i l l e r  i n t o  t h e  c o r e .  
Effect: Var i a t ions  in  the  pe rcen t  o f  b roken  mic rosphe res  f rom one  ba tch  
t o  a n o t h e r  c o u l d  s i g n i f i c a n t l y  a f f e c t  s u c h  m a t e r i a l  p r o p e r t i e s  as d e n s i t y  
and  conduct iv i ty .  
State-of-cure.- The s t a t e - o f - c u r e  o r  c r o s s l i n k i n g  i n  e l a s t o m e r i c  a b l a t i v e  
materials is  known t o  b e  a f f e c t e d  by s t a t e  v a r i a b l e s  o f  t e m p e r a t u r e ,  p r e s s u r e ,  
and cure t i m e .  
Cause: Var i a t ions  in  t empera tu re  can  r e su l t  f rom a lack  of   oven  control .  
Cure  pressure  can  be  a f fec ted  by l e a k s  i n  t h e  vacuum b a g ,  v a r i a t i o n s  i n  pump 
ope ra t ion ,   and   va r i a t ions   i n   a tmosphe r i c   p re s su re .   Cure  t i m e  can   be   a f f ec t ed  
by v a r i a t i o n s  i n  warmup t i m e  f o r  d i f f e r e n t  s i z e d  p a r t s ,  f a i l u r e  of  oven  con- 
t r o l s ,  o r  n e g l e c t  by o p e r a t o r .  
Effect: Cure   t empera ture   and   pressure   var ia t ions   can   a f fec t   the   thermal   and  
p h y s i c a l  p r o p e r t i e s  o f  t h e  a b l a t i v e  material. These  va r i a t ions  may r e s u l t  
i n  c racks  and  pane l  warpage  a f f ec t ing  such  th ings  as c h a r  r e t e n t i o n ,  bond 
s t r e n g t h ,  u l t i m a t e  s t r a i n  c a p a b i l i t y ,  a n d  l o a d i n g  on the  a t tachments .  
Inhomogeneity.- Inhomogeneity is a n  u n d e s i r a b l e  c h a r a c t e r i s t i c  i n  many engi- 
neer ing  materials because  of i t s  a d v e r s e  e f f e c t  on proper t ies .   Inhomogenei t ies  
a l te r  the   mo lecu la r   s t ruc tu res   and   g ive  rise t o  stress concent ra t ions .  The f o l -  
l owing  inhomogene i t i e s  have  been  iden t i f i ed  fo r  t he  ab la t ive  ma te r i a l  cons ide red  
i n  t h i s  s t u d y .  
Fiber bundles: F i b e r s  are n o r m a l l y  i n c l u d e d  i n  a n  a b l a t i v e  material to  p ro -  
v i d e  a measure of reinforcement of bo th  the  char  sur face  and  the  pyro lys i s  zone .  
F o r  t h i s  r e i n f o r c e m e n t  t o  b e  u n i f o r m  a n d  f u l l y  e f f e c t i v e ,  f i b e r  d i s p e r s i o n  m u s t  
be  uniform. 
Cause: Several f a c t o r s  h a v e  b e e n  i d e n t i f i e d  as possibly  causing  nonuni-  
f o r m i t y  i n  f i b e r  d i s p e r s i o n .  A predominant  cause i s  t h o u g h t  t o  b e  t h e  l a c k  
o f  shea r ing  ac t ion  du r ing  mix ing .  Ano the r  cause  tha t  has  been  iden t i f i ed  
i s  t h e  c o l l e c t i o n  o f  f i b e r s  on the  s ides  of  the  mixing  bowls .  This  pre-  
s e n t s  two p rob lems .   F i r s t ,  when f i b e r s  s e p a r a t e  from  the walls,  they do 
not   red isperse .   Secondly ,  some f i b e r s  are l o s t  and t h e   a c t u a l   p e r c e n t a g e  
i n  t h e  material i s  reduced. 
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E f f e c t :  T h e  e f f e c t  o f  f i b e r  b u n d l e s  o r  p o o r  d i s p e r s i o n  i s  t o  r e d u c e  t h e i r  
e f f e c t i v e n e s s  i n  r e i n f o r c i n g  t h e  c h a r  a n d  t h e  c h a r  r e t e n t i o n  s t r e n g t h  i n  
t h e  p y r o l y s i s  z o n e .  
Microsphere  agglomerat ion:  Microsphere  agglomerations are def ined  as groups 
of  microspheres  tha t  are bound toge ther  by  mechanica l  forces .  
Cause: The bas ic   causes   o f   these   agglomera t ions  are absorbed  moisture  and 
t h e  p r e s s u r e s  o c c u r r i n g  d u r i n g  s t o r a g e  t h a t ,  a f t e r  s u f f i c i e n t  time, tend  
t o  compact t he  mic rosphe res .  
E f f e c t :  The e f f e c t s  on a b l a t i v e  material p r o p e r t i e s  are obvious   s ince  
each  agglomera te  represents  a domain  of e s s e n t i a l l y  f o r e i g n  m a t e r i a l  w i t h  
d i f f e r e n t  p r o p e r t i e s .  I n  a d d i t i o n ,  s u r f a c e  v o i d s  c a n  b e  c a u s e d  b y  a g -  
glomerates  a t  o r  n e a r  t h e  s u r f a c e .  T h i s  w o u l d  d i r e c t l y  a f f e c t  i n s u l a t i v e  
proper t ies  and  sur face  smoothness .  
Resin r a t i o  v a r i a t i o n s :  The b a s i c  f u n c t i o n  o f  t h e  r e s i n  s y s t e m  i s  t o  b i n d  
t o g e t h e r  t h e  o t h e r  c o n s t i t u e n t s .  N o n u n i f o r m  d i s t r i b u t i o n  o f  t h e  r e s i n  w i l l  pro- 
duce  r e s in - r i ch  and  r e s in - s t a rved  a reas ,  t hus  p roduc ing  va r i a t ions  in  material 
s t r eng th ,  t he rma l  expans ion ,  and  o the r  p rope r t i e s .  
Cause : R e s i n  v a r i a t i o n s  are caused  by  microsphere  agglomerates,   inadequate 
ab la t ive  ma te r i a l  mix ing ,  and  f rom the  r e s in  coa t ing  app l i ed  to  the  co re .  
E f f e c t :  Resin-r ich areas would  have a much g rea t e r  coe f f i c i en t  o f  expan-  
s ion  and  produce  high  local  stresses on temperature  change.  These stresses 
could open c racks  du r ing  co ld  soak ,  cause  shea r  f a i lu re  o f  t he  f i l l e r  bond  
wi th   t he   co re ,   and   l oad   t he   f ace   shee t   a t   t he   co re   bond   i n   t ens ion .   S ig -  
n i f i c a n t  e f f e c t s  c a n  a l s o  b e  e x p e c t e d  i n  s t r a i n  c a p a b i l i t y ,  e las t ic  modu- 
lus, and conduct iv i ty  . 
Formu la t i on   va r ia t i ons . -  S m a l l   v a r i a t i o n s   i n   c o n s t i t u e n t   p e r c e n t a g e s  w i l l  
l i k e l y  h a v e  l i t t l e  o r  n o  e f f e c t  on ma te r i a l  p rope r t i e s ,  w i th  pe rhaps  the  excep-  
t i o n  of t h e  c a t a l y s t  p e r c e n t a g e .  
Cause: The causes  of fo rmula t ion   va r i a t ions   wou ld   mos t   l i ke ly   be   e r ro r s   i n  
measurements ,  a l though,  as  c i ted ear l ie r ,  f i b e r s  c a n  become 10s t due t o  t h e i r  
t endency  to  co l l ec t  on s u r f a c e s .  
Ef fec t :  Changes i n  t h e  c a t a l y s t  p e r c e n t a g e  c a n  a f f e c t  t h e  o n s e t  o f  c u r e ,  
degree of  cure ,  and the amount  of r e a c t i o n  p r o d u c t s  r e m a i n i n g  i n  t h e  c u r e d  
material. I n  a l l  cases, d e t r i m e n t a l  e f f e c t s  on mechanica l   p roper t ies   can   be  
expected.  The percentage  of   f ibers   can  be  expected  to   have some e f f e c t  on 
cha r  s t r eng th  and r e t e n t i o n .  
Fore ign  mat te r . -  Foreign matter i s  any  unwan ted  ma t t e r  t ha t  en te r s  i n to  the  
m a t e r i a l  by a c c i d e n t .  
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I n h i b i t o r s :  I n h i b i t o r s  are c h a r a c t e r i z e d  by i t h e i r  n e u t r a l i z a t i o n  o f  t h e  
c a t a l y s t  , t hus  r e t a rd ing  o r  comple t e ly  s toppzng  ( cu re .  
Cause: These i n h i b i t o r s  c a n  b e  i n t r o d u c e d  . i n  many innocent  ways,  such as 
a f a u l t y  seal  i n  a mixer a l l o w i n g  o i l  o r  g r e a s e  t o  f a l l  i n t o  t h e  material 
ba tch .  
Effect :  T o t a l  c u r e  p r e v e n t i o n  w i l l  depend i n  most cases on the  percentage  
o f   i nh ib i to r s   i nc luded .  However, some v a r i a t i o n   i n   m e c h a n i c a l   p r o p e r t i e s  
can be expected i f  i n h i b i t o r s  are inc luded .  
I n e r t s :  P o o r  p r o c e s s  c o n t r o l  c o u l d  r e s u l t  i n  i n t r o d u c t i o n  o f  i n e r t  materials. 
The m o s t  t y p i c a l  of these  would  be  metals and wood t h a t  are commonly used as man- 
u f a c t u r i n g  a i d s .  P a r t i c l e  s i z e s  may vary  cons iderably  f rom microscopic  to  a s i z e  
e a s i l y  d e t e c t e d  b y   r a d i o g r a p h i c   i n s p e c t i o n .   I n   a d d i t i o n ,  s a l t  compounds o f   t he  
a l k a l i  metals such as sod ium ch lo r ide  and  po ta s s ium ch lo r ide  have  been  found  in  
a b l a t i v e  m a t e r i a l s .  
Cause: T h e s e  i n e r t s  c a n  b e  i n t r o d u c e d  i n  several ways,   including  poor  
qua l i t y  con t ro l ,  con tamina ted  r a w  materials, and  by  equipment wear. 
E f f e c t :  The m i c r o s c o p i c  p a r t i c l e s  t h a t  w o u l d  l i k e l y  r e s u l t  f r o m  wear of 
equipment are no t  o f  conce rn  because  they  shou ld  no t  s ign i f i can t ly  a f f ec t  
any of the   mater ia l   p roper t ies   o r   per formance   requi rements .   Al though  a l -  
k a l i  metals w i l l  have l i t t l e  e f f e c t  on per formance  proper t ies  , they could 
add to  the  p rob lems  of c o m p a t i b i l i t y  o f  t h e  a b l a t o r  w i t h  RF t r a n s m i s s i o n  
du r ing  r een t ry .  
Mois ture  conten t .  - A s i g n i f i c a n t  c h a r a c t e r i s t i c  o f  l o w - d e n s i t y  m a t e r i a l s  i s  
t h e i r  a f f i n i t y  f o r  a b s o r b i n g  m o i s t u r e  . 
Cause: Two poss ib l e   causes   o f   mo i s tu re   i n   t he  material are mois ture  con- 
t a i n e d  i n  t h e  raw materials, pa r t i cu la r ly  the  mic rosphe res ,  and  moi s tu re  ab -  
sorbed by the ablat ive panel  f rom the environment .  
E f f e c t :  M o i s t u r e   c o n t a i n e d   i n   t h e   m i c r o s p h e r e s   c a n   c a u s e   t h e   s p h e r e s   t o  
b u r s t  d u r i n g  vacuum cure   and   thus   a f fec t   dens i ty .   Mois ture   absorbed   by   the  
f i n i s h e d  a b l a t i v e  p a n e l  c a n  f r e e z e  i n  t h e  l a u n c h  a n d  o r b i t  e n v i r o n m e n t s  a n d  
thus cause unwanted cracking and promote spal la t ion during reentry.  
Honeycomb Core Defects 
The f u n c t i o n  o f  t h e  honeycomb c o r e  i n  t h e  a b l a t i v e  material i s  t o  a t t a c h  t h e  
a b l a t i v e  l a y e r  t o  t h e  f i b e r g l a s s  face s h e e t ;  r e i n f o r c e  a n d  a t t a c h  t h e  c h a r  l a y e r  
t o  t h e  v i r g i n  a b l a t i v e  l a y e r ;  a n d  c o n t r o l  c r a c k i n g  i n  t h e  c h a r  l a y e r .  The f o l -  
l owing  de fec t s  a s soc ia t ed  wi th  the  honeycomb have been defined on t h e  b a s i s  o f  
p o t e n t i a l l y  i n t e r f e r i n g  w i t h  t h e s e  t h r e e  f u n c t i o n s  ( t h e  v a r i o u s  honeycomb core  
d e f e c t s  are shown i n  f i g u r e s  5 and 6 ) .  
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Figure 5.- Honeycomb Core Defects 
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Lack o f  r e s l n  p r o d u c i n g  a 
gap  and  an  unbonded area 
Core s p l i c e  
- Excess res in   p roduc ing   b lockage 
o f  c e l l s  a d j a c e n t  t o  s p l i c e  
F igu re  6.- De fec t i ve  Core  Sp l i ce  
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Crushed core.- Crushed core is def ined  as wrinkled  core  r ibbons  both  inter-  
na l ly  and  near t h e  a b l a t i v e  p a n e l  s u r f a c e .  
Cause: T h i s   d e f e c t  i s  caused  by  column  loading  of  the  core.  It is expected 
t o  o c c u r  p r i m a r i l y  as a r e s u l t  of i m p a c t i n g  t h e  a b l a t i v e  filler d u r i n g  t h e  
packing  proceas .  When t h e  l a y e r  o f  a b l a t i v e  f i l ler  is dr iven  comple te ly  in- 
t o  t h e  honeycomb c o r e  a n d  t h e  t o p  o f  t h e  c o r e  is exposed during the impact-  
i ng  p rocess ,  c rush ing  o f  t he  co re  can  be  expec ted .  
Effect: Crushed   co re   r e su l t s  i n  a l o s s   o f  i ts i n t e g r i t y  a n d ,  t h e r e f o r e ,  a 
l o s s  i n  i ts e f f e c t i v e n e s s  t o  r e i n f o r c e  t h e  c h a r  l a y e r .  
Distorted core.- Th i s  de fec t  occu r s  when t h e  ce l l  shape i s  deformed from i t s  
o r i g i n a l  c o n f i g u r a t i o n .  An example i s  where  the cells  have  been  d is tor ted  f rom 
a hexagon shape t o  a s i n e  wave shape ,  or  where  the  sur face  has  been  pushed  s ide-  
ways a n d  t i p s  t h e  cel l  walls f rom the  vertical .  
Cause: Core d is tor t ions   can   be   caused   by   abnormal ly  hijgh packing   pressures  
o r  by l a te ra l  forces  imposed by a vacuum bag. 
Effect: D i s t o r t e d   c o r e  may i m p l y   t h a t   t h e r e  are r e s i d u a l  stresses i n  t h e  
a b l a t o r  l a y e r  i m p o s e d  b e t w e e n  t h e  d i s t o r t e d  c o r e  a n d  t h e  a b l a t i v e  f i l l e r  ma-  
terial .  T h i s  c o u l d  r e s u l t  i n  c r a c k i n g  when t h e  s u r f a c e  i s  hea ted  dur ing  re- 
e n t r y  and p o s s i b l y  r e s u l t  i n  some c h a r  l o s s .  
Broken core ribbons.-  When t h e  ce l l  w a l l s  are t o m  e i t h e r  v e r t i c a l l y  o r  h o r i -  
z o n t a l l y ,  t h e  d e f e c t  i s  d e f i n e d  as broken  core   r ibbons.  They can  vary  from a 
p a r t i a l  b r e a k  i n  o n e  c e l l  wall t o  b r e a k s  e x t e n d i n g  o v e r  many ce l l s .  
Cause: These  breaks  or  tears can be caused by excessive packing  pressure ,  
o v e r f l e x i n g  o f  t h e  honeycomb, o r  lateral  f o r c e s  imposed  by t h e  vacuum bag. 
Effect: Broken  co re  r ibbons  can  r e su l t  i n  a weakened  attachment  of  the  abla- 
t ive  l a y e r  t o  t h e  f i b e r g l a s s  f a c e  s h e e t ,  r e d u c t i o n  i n  t h e  r e i n f o r c e m e n t  o f  
t h e  c h a r  l a y e r ,  o r  e x c e s s i v e l y  w i d e  s u r f a c e  c r a c k s  i n  t h e  r e g i o n  o f  t h e  b r o -  
ken  r ibbons.  The weakened  attachment  and  wide  cracks may c a u s e  f a i l u r e  ei- 
t h e r  d u r i n g  c o l d  s o a k  o r  r e e n t r y .  
Broken node bonds.- When the r ibbon-to-r ibbon bond has  been separated making 
t h e  c e l l  walls d i s c o n t i n u o u s ,  t h e  d e f e c t  is d e s c r i b e d  as a broken node bond. 
This d e f e c t  i s  similar t o  v e r t k a l l y  b r o k e n  c o r e  r i b b o n s .  
Cause: These  b reaks  can  be  caused  by  excess ive  pack ing  p res su re  o r  ove r -  
f l e x i n g  o f  t h e  honeycomb. 
Effect: T h e s e  b r e a k s  c a n  r e s u l t  i n  e x c e s s i v e l y  w i d e  s u r f a c e  c r a c k s  e i t h e r  
during cold soak o r  d u r i n g  r e e n t r y .  
Undercut core.- Th i s  de fec t  refers t o  a v a r i a t i o n  i n  c o r e  t h i c k n e s s  s o  t h e  
co re  does  no t  ex tend  a l l  t h e  way t o  t h e  o u t e r  s u r f a c e  o f  t h e  a b l a t i v e  l a y e r .  
Fabr ica t ing  panels  overs ize  and  machin ing  them t o  f i n a l  t h i c k n e s s  w o u l d  alleviate 
the problem. 
Cause: This  defect  would be caused by an undertolerance core and/or  machin-  
i n g   e r r o r s .  
E f f e c t :  The m o s t  s i g n i f i c a n t  e f f e c t  on end  performance  would  be the l ack  o f  
s u p p o r t  i n  t h e  f i l l e r  a t  t h e  p a n e l  s u r f a c e .  T h i s  c o u l d  a f f e c t  t h e  c h a r  re- 
t e n t i o n  a n d  the a b i l i t y  of t h e  honeycomb t o  c o n t r o l  s u r f a c e  cracks. 
.” Defec t ive   core   Sp l i ces . -  S p l i c e s   t h a t   h a v e  excess r e s i n   o r  are no t  bonded are 
c o n s i d e r e d   d e f e c t i v e   c o r e   s p l i c e s .   T h i s  i s  shown i n  f i g u r e  6 .  
Cause: Defec t ive  co re  sp l i ces  can  be  caused  by  the  app l i ca t ion  o f  an  improp-  
er amount  of r e s i n  a t  t he  bond l ine .  
E f f e c t :  The r e s u l t  o f  a n  e x c e s s i v e  amount  of r e s i n  is t o  b l o c k  a d j a c e n t  
cel ls  a n d  t h u s  i n t e r f e r e  w i t h  c e l l  f i l l i n g  a n d  p a c k i n g  o p e r a t i o n s ,  i n  a d -  
d i t i o n  t o  c a u s i n g  a l o c a l  anomaly i n  t h e  a b l a t o r  l a y e r .  A d e f i c i e n t  amount 
o f  r e s i n  w i l l  produce a poor ly  bonded or  unbonded core  sp l ice  tha t  may r e s u l t  
in  an  excess ive ly  wide  c rack  when t h e  p a n e l  i s  sub jec t ed  to  co ld  t empera tu res  
o r  hea ted  du r ing  r een t ry .  
Face Sheet Defects 
It  is  assumed t h a t  t h e  S h u t t l e  a b l a t i v e  p a n e l s  w i l l  b e  d i r e c t l y  a t t a c h e d  t o  
the  metal s t ruc tu re .   A l though   t h i s  w i l l  provide some s u p p o r t  a g a i n s t  p r e s s u r e  
l o a d s ,  i n e r t i a  and thermal  loads w i l l  produce large bending loads tending to  warp 
and l i f t  t h e  p a n e l  away from  the metal s t r u c t u r e .  L a r g e  t e n s i o n  l o a d s  w i l l  b.e 
produced a t  the   a t tachments .  The pr imary   func t ion   of   the   face   shee ts  w i l l  b e  t o  
p rov ide   adequa te   bea r ing   and   shea r   s t r eng th  a t  the   a t tachment   loca t ions .  The 
f o l l o w i n g  d e f e c t s  h a v e  b e e n  i d e n t i f i e d  a s  a f f e c t i n g  t h e s e  s t r e n g t h  p r o p e r t i e s .  
Delaminations.- Delaminations are phys ica l  s epa ra t ion  o f  t he  two p l i e s  o f  
c l o t h  . 
Cause: Delaminat ion   dur ing   fabr ica t ion   can   be   caused   by   o rganic   contaminates ,  
r e s in - s t a rved  areas, and  s t aged  o r  cu red  r e s in  areas. 
E f f e c t :  The e f f e c t s  of de lamina t ions  on s h e a r  o r  b e a r i n g  s t r e n g t h  w i l l  de- 
pend  on t h e  r e l a t i v e  l o c a t i o n  o f  t h e  d e l a m i n a t i o n  w i t h  respect t o  t h e  a t t a c h -  
ment   points .  A de lamina t ion  a t  t h e  a t t a c h m e n t  h o l e  w o u l d  r e s u l t  i n  g r e a t l y  
r educed  f ace  shee t  s t i f fnes s  because  o f  a l a c k  o f  i n t e r l a m i n a r  s h e a r  s t r e n g t h  
b e t w e e n   t h e   p l i e s .   T h i s   c o u l d   r e a d i l y   r e s u l t   i n   a t t a c h m e n t   f a i l u r e   a n d   l e a d  
t o  t h e  more c a t a s t r o p h i c  f a i l u r e  of  pane l  loss .  
Spl iced  face  sheets  .- Spl iced  face  shee ts  would  be  an  over lapping  of  two adja-  
c e n t  p i e c e s  o f  c l o t h  t o  f o r m  a l a r g e r  s h e e t .  
Cause: The r e a s o n  f o r  o v e r l a p p i n g  is s i m p l y  t h e  u n a v a i l a b i l i t y  o f  a manufac- 
t u r e d  p i e c e  o f  t h e  d e s i r e d  s i z e .  
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E f f e c t :  The s p l i c e  c o u l d  r e s u l t  i n  l o c a l  u n b o n d s  o r  p o o r  b o n d s  of t h e  c o r e  
because of t h e  s t e p  i n t r o d u c e d  a l o n g  its boundaries .  The effect  on per for -  
mance would  be  to  reduce  the  ab la t ive  material bond s t rength .  
Conf igura t ion   Defec ts  
T h i s  r e f e r s  t o  v a r i a t i o n s  i n  p a n e l  d i m e n s i o n s ,  g e n e r a l  c o n d i t i o n s  o f  e d g e s ,  
and  su r faces .  The f o l l o w i n g  d e f e c t s  a s s o c i a t e d  w i t h  p a n e l  c o n f i g u r a t i o n  are 
i d e n t i f i e d .  
Thickness.- This  i s  def ined  as t h e  a b l a t i v e  l a y e r  d i m e n s i o n  r e q u i r e d  t o  l i m i t  
t h e  t e m p e r a t u r e  o f  t h e  s t r u c t u r e  t o  a spec i f i ed  des ign  va lue .  
E f f e c t :  Thickness is a most  important  dimension that  must  be control led be-  
cause  of i t s  e f f e c t  on bo th  s t ruc tu re  t empera tu re  and  veh ic l e  we igh t .  In  
a d d i t i o n  t o  e s t a b l i s h i n g  m a n u f a c t u r i n g  t o l e r a n c e s ,  when determining thickness  
acceptance c r i te r ia ,  w e  shou ld  cons ide r  t he  ques t ion  o f  des ign ing  to  a mini- 
mum o r  d e s i g n i n g  t o  a cons t an t  t h i ckness .  
Width and length.- These  d imens ions  con t ro l  ove ra l l  pane l  s i ze .  
Cause: Width   and   length   d imens ions   can   vary   because   o f   the   d i f f icu l t ies   in  
mach in ing  ab la t ive  ma te r i a l s  and  ope ra to r  e r ro r s .  
Ef fec t :  Overall pane l   d imens ions   mus t   be   main ta ined   to   assure   mechanica l  
ma t ing  wi th  ad jacen t  pane l s  and  to  con t ro l  gaps  and  jo in t  s i ze s  be tween  
panels .  Of course,   th is   problem  can  be  minimized  by  the  use  of   compat ible  
sealer materials t o  f i l l  t h e s e  g a p s  a n d  r e d u c e  h e a t  l e a k s  t o  t h e  s t r u c t u r e .  
Attachments.- Poor  hole  a l ignment  and  in te r face  match  w i l l  impose added loads 
a t  these  a t t achmen t  po in t s  and  in t e r f aces .  
Hole  a l ignment:  This  i s  d e f i n e d  as t h e  l o c a t i o n  o f  a t t a c h m e n t  h o l e s  i n  t h e  
ab la t ive  pane l  wi th  a t tachment  anchor  s tuds  on t h e  s t r u c t u r e .  
Cause: Manufactur ing  out-of- tolerances.  
E f f e c t :  Imprope r  ma t ing  wi th  the  a t t achmen t  s tud  can  cause  p re s t r a in ing  
of  the  en t i re  pane l .  This  would  not  normal ly  be  a problem i f  d e s i g n  t o l e r -  
ances are maintained.  Also f loa t ing  a t t achmen t  po in t s  can  be  used  to  min i -  
mize mechanical and the rma l ly  induced  s t r a ins .  
In ter face  mismatch:  T h i s   d e f i n e s   t h e   d i s t a n c e   b e t w e e n   a b l a t i v e   p a n e l   f a c e  
s h e e t s  a n d  t h e  s u p p o r t  s t r u c t u r e  a t  the  a t tachment .  
Cause: Interface mismatch can be caused by warped  panels  and  out-of-plane 
a t tachment  loca t ions .  
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E f f e c t :  St ra ins  p roduced  by  fo rc ing  an  in t e r f ace  ma tch  can  r e su l t  i n  h igh  
b u i l t - i n  b o n d l i n e  s t r a i n s  t h a t  c o u l d  p r o d u c e  c r a c k s  d u r i n g  o r b i t  a n d  re- 
e n t r y  . 
Edge c o n d i t i o n s  .- T h i s  r e f e r s  t o  s u c h  d e f e c t s  a t  the  pane l  edges  as u n f i l l e d  
cells, and chipped, worn, and uneven edges and comers.  
Cause: Since  the  spec i f i ed  pane l s  do  no t  con ta in  edge  members o r  r e i n f o r c e -  
ment  coat ings,  they are s u s c e p t i b l e  t o  damage during machining,  handl ing,  
t r a n s p o r t a t i o n ,  a n d  i n s t a l l a t i o n .  
E f f e c t :  Poor  edges w i l l  r e s u l t  i n  h e a t  l e a k s  t o  t h e  s t r u c t u r e .  
Surface smoothness.- The su r face  o f  a f l i g h t  v e h i c l e  s h o u l d  b e  as smooth as 
p o s s i b l e  t o  e l i m i n a t e  p e r t u r b a t i o n s  o f  t h e  a e r o d y n a m i c  p e r f o r m a n c e  c h a r a c t e r i s t i c s  
and heat ing.  The fo l lowing  de fec t s  a s soc ia t ed  wi th  su r face  smoo thness  have  been  
i d e n t i f i e d .  
Waviness: Waviness i s  def ined  as a random c u r v a t u r e  of t h e  s u r f a c e .  
Cause: This   could be  caused   by   con tour ing   t he   ab la to r   ou te r   su r f ace   t o  
t h e  s u b s t r u c t u r e .  It c o u l d   a l s o   r e s u l t   d u r i n g   r e e n t r y   d u e   t o   t h e r m a l  
s t r a ins  caus ing  bowing  o f  t he  ab la t ive  pane l s .  
E f f e c t :  Waviness i n  s u p e r s o n i c  f l o w  w i l l  p roduce   an t i symmetr ica l   p ressure  
d i s t r i b u t i o n s  a r o u n d  t h e  crests and t roughs of  the w a l l  and  inc rease  the 
d rag  fo rce .  
Mismatch o f  edges: T h i s  r e f e r s  t o  a s t e p  i n  t h e  o u t e r  s u r f a c e  f r o m  o n e  p a n e l  
t o  t h e  n e x t .  
Cause: Mismatched  edges  would r e s u l t  from a change i n  p a n e l  t h i c k n e s s  o r  
displacement of t he  a t t achmen t  su r face .  
E f f e c t :  Two types  of   s teps   can  occur  -- a rise and a drop .   In   bo th  cases, 
an  a t tached  shock  could  be  produced  in  supersonic  f low,  increas ing  loca l  
heat ing by an order  of  magni tude.* 
Roughness: Roughness r e f e r s  t o  a lack  of   surface  smoothness   or   evenness .  
Hunt, James L . ;  and  Jones,   Robert  A.: E f f e c t s  of Several   Ramp-Fairing, Um- 
b i l i c a l ,  a n d  Pad Configurat ions on the Aerodynamic Heating to the Apollo Command 
Module a t  Mach 8. NASA TM X-1640, 1968. 
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Cause: Rough sur faces   can   be   caused  by acc iden ta l   ch ipp ing ,   goug ing ,   and  
too l  mark ing  du r ing  mach in ing  and  t r anspor t a t ion .  Also,  uneven  expansion 
and  r eces s ion  be tween  the  ab la to r  and  co re ,  o r  f rom ce l l  t o   c e l l  can occur 
d u r i n g  r e e n t r y  h e a t i n g .  
E f f e c t :  Roughness  can a f fec t   the   boundary   l ayer   and   produce   tu rbulence ,  
s e p a r a t i o n ,  a n d  v o r t i c i t y  t h a t  a f f e c t  b o t h  h e a t  t r a n s f e r  a n d  f l i g h t  p e r -  
f ormance . * 
DEFECT  DETECTION  INVESTIGATIONS 
Inves t iga t ion  o f  i n spec t ion  me thods  was i n i t i a t e d  by reviewing Space Shut t le  
requi rements  and  envi ronments ,  by  rev iewing  the  l i t e ra ture  on a b l a t i v e  m a t e r i a l s  
inspect ion,  and by reviewing inspect ion methods used in  programs involving s i m i -  
l a r  ma te r i a l s  and  p rocesses  .' Emphasis was placed on n o n d e s t r u c t i v e  i n s p e c t i o n  
methods f o r  e v a l u a t i o n  o f  d e f e c t s .  An experimental   program w a s  t h e n  i n i t i a t e d  
t o  e v a l u a t e :  
1) The e f f ec t s   o f   p rocess   and  material v a r i a b l e s  on various  nonde- 
s t r u c t i v e  e v a l u a t i o n  t e c h n i q u e s ;  
2)  The r e l a t i v e  d e f e c t  d e t e c t i o n  s e n s i t i v i t i e s  of   var ious  nondestruc-  
t i v e  e v a l u a t i o n  t e c h n i q u e s .  
The d e f e c t s  e v a l u a t e d  were: 
1) Unbond of honeycomb c o r e   t o   f a c e   s h e e t ;  
2) Unbond of a b l a t o r   t o   c o r e   a n d   f a c e   s h e e t ;  
3) Deformed core;  
4 )  Face  sheet   delaminat ion;  
5) Dens i ty   va r i a t ions  ; 
6)   Homogenei ty   var ia t ions;  
~ ~~ * 
Pyle,  Jon;  and  Montoya,  Lawrence C . :  Effects  of  Roughness  of  Simulated 
Ab la t ive  Mate r i a l  on Low-Speed Pe r fo rmance  Charac te r i s t i c s  o f  a Lifting-Body 
Vehicle.  NASA TM X-1810, 1969. 
'Thompson, R. L . ;  and Rummel, W. D.: Study  of Cri t ical  Defec t s   i n   Ab la t ive  




8 )  Cracks; 
9 ) .  Fore ign   i nc lus ions ;  
10.)  Cure v a r i a t i o n s  ; 
11) Var ia t ions   i n   mo i s tu re   con ten t .  
The nondes t ruc t ive  t echn iques  eva lua ted  were: 
1)   Visual ;  
2) X-radiography; 
3) Neutron  radiography; 
4) S o n i c s / u l t r a s o n i c s ;  
5)  Thermal; 
6)  Microwave; 
7) Holography; 
8) Durometer  hardness. 
Forty-one -6x6x3-inch (15.2 x 15.2 x 7.6-cm) t h i c k  p a n e l s  o f  t h e  MG-36 material 
containing mechanical and material anomal i e s ,  a s  desc r ibed  in  MCR-71-14,* were 
e v a l u a t e d  by t h e  v a r i o u s  n o n d e s t r u c t i v e  tes t  t e c h n i q u e s  t o  e s t a b l i s h  t h e  relative 
d e t e c t i o n  s e n s i t i v i t i e s  a n d  i n t e r a c t i o n  e f f e c t s .  
Results o f  Test Panel Inspection 
Visual inspection.- V i s u a l  i n s p e c t i o n  w a s  u s e f u l  as a p r o c e s s  c o n t r o l  t o o l  i n  
e v a l u a t i n g  t h e  honeycomb i n t e g r i t y  a n d  c o n f i g u r a t i o n  p r i o r  t o  t h e  face s h e e t  
bonding  operation.  After  panel  cure,   honeycomb-to-face  sheet  unbonds  could  be 
obse rved  qu i t e  r ead i ly  due  to  the  t r anspa rency  o f  t he  f ace  shee t  material. How- 
ever, a change i n  f a c e  s h e e t  material o r  i n c r e a s e d  f a c e  s h e e t  t h i c k n e s s  c o u l d  
e l i m i n a t e  d e t e c t i o n .  On the   ab la to r   s ide ,   su r f ace -connec ted   mechan ica l   de fec t s  
such as vo ids ,   c r acks ,  e t c  were detected.   Crushed honeycomb was a l so   obse rved  
by su r face   i n spec t ion   ( f ig .   7 ) .   Co lo r   and   un i fo rmi ty   va r i a t ions   due   t o  mix, cure ,  
and contamination were noted.  
"_ 
* 
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F igu re  7. -  Broken Core, Panel 18, 1 O X  Magnification 
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X-radiographic  inspect ion. -  X-radiography w a s  e v a l u a t e d  t o  d e t e r m i n e  its e f -  
f e c t i v i t y  i n  d e t e c t i n g  internal soundness and i n  i n d i r e c t l y  m e a s u r i n g  b u l k  ma- 
ter ia l  va r i a t ions .  Anomal i e s  de t ec t ed  were crushed  honeycomb co re ,  c r acks ,  in- 
c l u s i o n s ,  v o i d s ,  a n d  d e n s i t y  v a r i a t i o n s  ( f i g .  8)  . Minor   p rocess   var iab les   such  
as un i fo rmi ty  o f  f ibe r  d i s t r ibu t ion  and  agg lomera t ion  o f  pheno l i c  mic rosphe res  
were a lso   no ted .   Crushed  honeycomb 0.100-inch  (0.254-an)  deep w a s  d e t e c t e d .  
Metal i n c l u s i o n s  as small as 0.005 inch (0.0127-cm) d iameter  and  voids  1 /8x1/4  
inch  (0.318x0.635 cm) were de tec ted .   Cracks   th rough  the   fu l l   3 .0- inch  (7.6-cm) 
t h i c k n e s s  w e r e  de t ec t ed .  Dens i ty  va r i a t ions  f rom the f r o n t  t o  the back of pane l s  
were observed by radiography through the ful l  6 .0  inches (15.25 cm) ( s i d e  view 
s e c t i o n ,  f i g .  9 ) .  Attempts were made t o   c o r r e l a t e   t h e   p h y s i c a l   d e n s i t y   o f   t h e  
material w i t h  t h e  X - r a d i o g r a p h i c  d e n s i t y  u s i n g  i n t e r n a l  s t e p  wedges du r ing  ex- 
posure   and   scanning   microdens i tometer   ana lys i s   o f   the   rad iographs .  The f a c t  t h a t  
n o  s i g n i f i c a n t  c o r r e l a t i o n  t o  p h y s i c a l  d e n s i t y  was ob ta ined  was a t t r i i i u t e d  t o  
v a r i a t i o n s  i n  t h e  s i l i c o n e  w e t  coa t ing  used  to  bond t h e  a b l a t i v e  material t o  t h e  
honeycomb c o r e  a n d  t o  s l i g h t  v a r i a t i o n s  i n  t h e  r a d i o g r a p h i c  t e c h n i q u e .  S u g g e s t e d  
ac t ions  to  min imize  th i s  p rob lem were: 
1) A change i n  p r o c e s s  t o  m i n i m i z e  o r  e l i m i n a t e  t h e  s i l i c o n e  bond 
coa t ing ;  
2) Use of a p e n e t r o m e t e r  a n d  a n  a b l a t i v e  m a t e r i a l  s t e p  wedge  on a l l  
subsequent   rad iographs ;  
3) Opt imiza t ion   of   the  X-ray t e c h n i q u e  t o  a t t a i n  maximum s e n s i t i v i t y .  
The cr i t ical  s e n s i t i v i t y  of  X-ray ene rgy  to  two h e a t  s h i e l d  materials i s  i l l u s -  
t r a t e d  i n  f i g u r e s  10 and 11. 
S i n c e  r e a d i n g  a n d  a n a l y s i s  of  X-radiographs const i tutes  a s i g n i f i c a n t  c o s t  i n  
use of X-radiography, a labora tory  technique  for  enhancing  such  images  w a s  eval- 
uated. A f a l s e - c o l o r  real-time te lev is ion   imaging   sys tem was used   to   p rocess  
both s ide and plan view radiographs for  conformance to  densi ty  requirements  and 
fo r  p re sence  o f  vo ids .  The technique shows  promise f o r  d e n s i t y  a n a l y s i s  a n d  i s  
a s i g n i f i c a n t  a i d  i n  e v a l u a t i n g  v o i d s .  F u r t h e r  work on image process ing  and  
au tomat i c  f i lm  readou t  i s  recommended. 
Neutron rad iographic  inspect ion. -  Neutron radiography was e v a l u a t e d  t o  d e t e r -  
mine the  ab i l i t y  to  measu re  in t e rna l  soundness  and  to  ind i r ec t ly  measu re  bu lk  ma- 
terial  var ia t ions .   Radiographs  were made wi th  two d i f f e r e n t  r e a c t o r  s y s t e m s  t o  
a t t a i n  maximum sens i t i v i ty  and  va r i a t ion .  Techn iques  were o f  p a r t i c u l a r  i n t e r e s t  
f o r  e v a l u a t i o n  o f  p a n e l s  i f  metallic f a c e  s h e e t s  were s u b s t i t u t e d  f o r  t h e  f i b e r -  
g l a s s / e p o x y  f a c e  s h e e t s .  Overall s e n s i t i v i t y  o f  t h e  n e u t r o n  r a d i o g r a p h s  w a s  n o t  
as g r e a t  as that obtained by X-radiography of the same pane l s  even  fo r  t hose  areas 
c o n t a i n i n g   e x c e s s i v e   s i l i c o n e  bond c o a t i n g   ( f i g .   1 2   a n d   1 3 ) .   S e n s i t i v i t y   t o   t h e  
s i l i c o n e  v a r i a t i o n s  is a t t r i b u t e d  t o  t h e  h i g h  gamma r a d i a t i o n  i n  t h e  n e u t r o n  beam 
tha t  p roduces  a combined gamma and  neu t ron  r ad iog raph .  Add i t iona l  e f fo r t  t o  f i l -  
ter and  co l l ima te  the  neu t ron  beam cou ld  g rea t ly  improve  r e su l t s  bu t  were beyond 
the  scope  of t h i s  program. 
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F i g u r e  8.- X-Radiograph of  Panel # l o b  (Plan  View)  Showing  Void 
and Core Spl ice 
Front s u r f a c e  
Backface  sheet 
F i g u r e  9.- X-Radiograph o f  Panel #22 (Side  View)  Showing 
H i  gh-Densi t y  Layer  
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Energy (Kev)  
Figure  10.- M u l t i f o r m  Fused S i l i c a  [126.3 l b / f t 3  (.2025 kg/m3)] 
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0.660 
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Energy (Kev) 
F igu re  11.- Nylon Phenol ic Molding Compound, Chopped 
[72.8 l b / f t 3  (1165. kg/rn3)] 
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Figure 12.- X-Radiograph,  Panel #10 Showing Voids 
Figure 13 . -  Neutrograph,  Panel # lo  Showing Voids 
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Sonic/ultrasonic inspection.- I m m e r s i o n  u l t r a s o n i c  i n s p e c t i o n  u t i l i z i n g  b o t h  
pulse-echo and through-transmission techniques w a s  e v a l u a t e d  f o r  d e t e c t i o n  o f  
honeycomb core-to-face sheet unbonds.  Through-transmission  techniques were d i s -  
carded because of  high material a t tenuat ion .  Pulse-echo  techniques  w e r e  success-  
f u l  i n  d e t e c t i n g  small unbonds but the method was  d i f f i c u l t  b e c a u s e  o f  t h e  t h i n -  
ness  and  waviness  of  the  face sheet.  The immersion technique was d iscarded  be-  
cause of problems i n  e n c a p s u l a t i n g  t h e  p a n e l  t o  e l i m i n a t e  water a b s o r p t i o n .  
Unbonds were r e a d i l y  v i s i b l e  b y  v a r i a t i o n  i n  f a c e  s h e e t  c o l o r  a n d  c o u l d  b e  
v e r i f i e d  b y  c o i n  t a p p i n g  ( f i g .  14). E f f o r t s  i n  e v a l u a t i n g  test p a n e l s  w i t h  s o n i c  
o r  u l t r a s o n i c  t e c h n i q u e s  were d iscont inued .  Addi t iona l  work  w a s  recommended f o r  
detect ion of  unbonds from the a b l a t i v e  s i d e  u s i n g  a resonator  technique .  
Thermal inspection.- Thermal  inspec t ion  w a s  e v a l u a t e d  u s i n g  a n  AGA Thermo- 
v i s ion  in f r a red  scann ing  sys t em.  The  in f r a red  scanne r  t echn ique  was s e l e c t e d  
rather than  l iqu id  c rys ta l  and  thermophosphor  techniques  because  of  i ts  s e n s i t i v -  
i t y  and  noncontac t .  Cont ro l led  hea t ing  and  cool ing ,  as w e l l  as pulsed  techniques ,  
were e v a l u a t e d  f o r  s e n s i t i v i t y  t o  a n o m a l i e s .  T h e s e  m e t h o d s  e x h i b i t e d  s e n s i t i v i t y  
t o  i n t e r n a l  d e n s i t y  v a r i a t i o n s  ( f i g .  15 and  16)  but  not  o  unbonds.  The techni -  
que could be a use fu l  supp lemen t  t o  X- rad iog raphy  fo r  g ross  in spec t ion  and  shou ld  
b e  c o n s i d e r e d  f o r  f i e l d  a p p l i c a t i o n .  
Microwave inspection .- A l l  pane ls  were s u b j e c t e d  t o  microwave  inspec t ion  to  
d e t e c t  m e c h a n i c a l  a n o m a l i e s  a n d  t o  e v a l u a t e  t h e  e f f e c t s  o f  material v a r i a t i o n s  
on mic rowave  ene rgy .  Th i s  me thod ' s  i nhe ren t  s ens i t i v i ty  to  bo th  material and 
mechan ica l  va r i a t ions  makes i t  promis ing  for  low-cos t  product ion  inspec t ion  but  
makes a n a l y s i s  d i f f i c u l t  u n l e s s  a l l  material parameters  can be accounted for .  
Table I i l l u s t r a t e s  t h e  relative s e n s i t i v i t y  o f  a microwave technique t o  varia- 
t i o n  i n  t h i c k n e s s  a n d  d e n s i t y  p a r a m e t e r s .  To improve  ana lys i s ,  add i t iona l  param- 
eters such as r e s in  con ten t ,  cu re ,  mo i s tu re  con ten t ,  e t c  must be known ( c o n s t a n t  
or   measured) .  The technique shows  promise fo r   con t ro l   o f   p rocess ing   ope ra t ions  
b u t  m u s t  b e  b e t t e r  c h a r a c t e r i z e d  f o r  f i e l d  a p p l i c a t i o n .  
Holographic inspection.- H o l o g r a p h i c  i n s p e c t i o n ,  o r  more s p e c i f i c a l l y ,  h o l o -  
g raph ic  in t e r f e romet ry ,  w a s  e v a l u a t e d  as a l a b o r a t o r y  t e c h n i q u e  f o r  p a n e l  i n -  
s p e c t i o n .  No p o s i t i v e  r e s u l t s  were o b t a i n e d  b e c a u s e  o f  d i f f i c u l t i e s  i n  h o l d i n g  
a n d  s t r e s s i n g  t h e  p a n e l s  u s i n g  l a b o r a t o r y  f i x t u r e s .  The technique  does,   however,  
o f f e r  g r e a t  p r o m i s e  f o r  p r o d u c t i o n  p r o c e s s i n g  o f  p a n e l s  when adequa te  too l ing  i s  
p rov ided .   Fu r the r   eva lua t ion   o f   t h i s   t echn ique  is recommended fo r   l ow-cos t   i n -  
s p e c t i o n  on a p roduc t ion - l ine  bas i s .  
Durometer hardness measurement.- Durometer (indentation) hardness measurements 
were made on a l l  p a n e l s  t o  e v a l u a t e  d e t e c t i o n  o f  d e n s i t y  a n d  c u r e  v a r i a t i o n s .  
The d a t a  are shown i n  t a b l e  11. Even though  th i s  t echn ique  canno t  be  used  to  
measure a s ing le  independen t  material process ing  parameter  un less  o ther  parameters  
are known, i t  does provide a s imple  and  economica l  t oo l  fo r  ve r i fy ing  un i fo rmi ty  
w i t h i n  a pane l  and  wi th  r e spec t  t o  o the r  pane l s .  The re fo re ,  i t  is recommended 
as a measure of process uniformity.  The  Shore "A" durometer  hardness  uni t  is 
n o t  i d e a l l y  s u i t e d  f o r  m e a s u r e m e n t  o f  s o f t  a b l a t i v e  materials and alternative 
designs are recommended f o r  p r o d u c t i o n  a n d  f i e l d  a p p l i c a t i o n .  
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Figure  14.- Face Sheet-to-Core Unbond i n  Panel #30 
Figure 15.- Panel #5, 10 Minutes a f te r  Removal from Oven 
Controlled a t  212°F (37310,  One Isotherm Only 
Figure 16.- Panel #5, 13 Minutes a f t e r  Removal from Oven 
Controlled a t  212°F (37310 
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TABLE I . -  RELATIVE  MICROWAVE  VALUES VS DENSITY AND THICKNESS 
Density.  Thickness , 
Sample Phase Amp1 i tude Meter i n .  (cm) l b / f t 3  (kg/m3) 
5 37.31  38.5  78.2 2.959  (7.516)  14.2  (227.5) 
5A 
34.08  52.6  21.0 3.010  (7.645) 16.6  (266.0) 68 
37.48 38.3 61.2 2.910  (7.390)  16.1  (258.0) 6A  
36.77  33.4 82.8 2.996  (7.610) 11.8  (199.0) 6 
33.81  55.8  32.0 3.008  (7.640)  16.7  (267.5) 5B 
31.91  32.8  74.6 2.815  (7. 0) 17.6  (282.0) 
7 36.17 39.1 58.0 2.909  (7.389) 15.7  (251.5) 
, 
7 A  
31.98  36.9  12.2 3.030  (7.696)  18.5  (296.5) 78 
32.16 50.6  21.6 2.975  (7.557) 17.8  (285.0) 
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B. Average  durometer  value vs grease  contamination i n  se lec ted  NDT ab la t ive  samplc 
5b Control 16.7  (267.5)  66.8 
16 One gram of greasecontamination 17.0  (272.5) 
17 
70.8 
Two gram o f  grease  contamination 16.5  (264.5)  64.2 
C. Average  durometer  values vs percent  ca ta lys t  in  se lec ted  NDT ab l a t ive  sample 
18  6% c a t a l y s t  
7a 10% c a t a l y s t   ( c o n t r o l )  




(285.0)  73.4 
17.3  (277.0)  77.6 
D. Average  durometer  value vs cure  temperature  of  selected NDT ab la t ive  samples 
20  225°F  (381K) cure 18 .O (288.5)  69.8 
21  275°F  (408K) cure 17.9  (287.0)  78.4 
7a 250°F  (395K) cure   (cont ro l )  17.8  (285.0)  73.4 
E .  Average  durometer  value vs cure time  of  selected NDT ablative  samples 
22 12-hr cure 17.2  1275.5)  72.2 ~~ 
5b 16-hr cure   (cont ro l )  16.7   (267.5 j   66 .8  
23 20-hr  cure 17.0  (272.5)  72.2 
F. Average durometer  value vs vacuum fo r  s e l ec t ed  NDT ablative samples 
24  24 in .  o f  Hg ( 8 1  k N / m 2 )  ( con t ro l )  16.2 (259.5)  66.8 
25 12 i n .  of Hg (40.5 k N / m 2 )  16.2 (259.5)  68.4 
G.  Average  durometer  value vs moisture  for  selected NDT ab la t ive  sample 
24 
26 Moisture 
Control 16.2  (259.5) 




Conclusions  and  recommendations  from  the panel study.- Resu l t s  o f  t he  pane l  
s t u d y  showed t h a t  v i s u a l ,  X - r a d i o g r a p h i c ,  a n d  i n d e n t a t i o n  h a r d n e s s  i n s p e c t i o n s  
were i m m e d i a t e l y  a p p l i c a b l e  t o  a b l a t i v e  p a n e l  e v a l u a t i o n .  F u r t h e r ,  n e u t r o n  r a d i -  
ography,  ho lography,  in f ra red  microwave ,  and  sonic  eva lua t ions  showed  promise 
f o r  i n s p e c t i o n  i f  some too l ing  and  deve lopmen ta l  e f fo r t s  were app l i ed .  V i sua l ,  
X-radiograph,  and indentat ion hardness  techniques were j u d g e d  t o  b e  a d e q u a t e  f o r  
eva lua t ion  o f  p ro to type  gove rnmen t - fu rn i shed  pane l s  and  fo r  t he  test sample eval-  
ua t ion  proposed  in  the  succeeding  program tasks .  
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Evaluation of Government-Furnished  Heat  Shield  Panels 
Panel  description.- Five government-furnished heat  shield panels  [approxi-  
mately 24 f t 2  ( 2 . 2  m') ] were e v a l u a t e d  b y  n o n d e s t r u c t i v e  test techniques  and  the  
r e s u l t s  were conf i rmed by  d issec t ion  of  se lec ted  panel  areas. These panels  were 
f a b r i c a t e d  by four  d i f fe ren t  companies  and  are rep resen ta t ive  o f  t he  low-dens i ty  
e las tomeric   composi t ions.   Four   of   the   panels  were f l a t ,   2 4 x 2 4 ~ 2   i n c h e s   ( 6 1 x 6 1  
x5.1 cm) , and one panel  w a s  2 4 x 4 8 ~ 2  i n c h e s  ( 6 1 x 1 2 2 ~ 2  cm) w i t h  a 24-ind-1 (61-m) 
r ad ius   o f   cu rva tu re   i n   t he   24 - inch  (61-m) d i r e c t i o n .  A l l  p a n e l s  were honeycomb- 
r e i n f o r c e d  and were backed by a n o n m e t a l l i c  f a c e  s h e e t .  
The purpose  of  th i s  inspec t ion  phase  was t o  assess the  problems in ,  and  ef -  
f e c t s  o f ,  a p p l y i n g  s t a t e - o f - t h e - a r t  n o n d e s t r u c t i v e  t e c h n i q u e s  t o  f u l l - s c a l e  
p a n e l s  a n d  t o  e v a l u a t e  t h e  q u a l i t i e s  o f  p a n e l s  p r o d u c e d  b y  d i f f e r e n t  p r o c e s s e s  
and  different   vendors .   Visual ,   X-radiographic ,   and  durometer   hardness  were used 
as the  p r imary  t echn iques ,  w i th  in f r a red  and  co in - t ap  in spec t ions  as the  secon-  
dary  techniques.  
Results O f  inspection.- T h e  f o u r  f l a t  p a n e l s  showed similar c h a r a c t e r i s t i c s ,  
wi th   minor   var ia t ions   due   to   p rocess ing   d i f fe rences .   X-rad iographs   o f   pane ls  
f a b r i c a t e d  w i t h  a p h e n o l i c  r e s i n  w e t  coat  on t h e  honeycomb core  were e a s i e r  t o  
r ead  and  ana lyze  than  those  f ab r i ca t ed  wi th  a s i l i c o n e  r e s i n  w e t  coa t  on the  co re .  
The d i f f e r e n c e s  are a t t r i b u t e d  t o  t h e  h i g h  relative X-ray a b s o r p t i o n  o f  t h e  s i l i-  
c o n e  r e s i n  m a t e r i a l  t h a t  masks b u l k  d e n s i t y  v a r i a t i o n s  i n  t h e  a b l a t i v e  material. 
T h i s  f a c t o r  c o n t r i b u t e d  t o  a process  change  for  subsequent  engineer ing  samples  
produced i n  Task 111. Although var ia t ions  in  packing  uni formi ty  and  core  damage 
through the  pane l  th ickness  were n o t e d  i n  v a r y i n g  p r o c e s s e s ,  t h e y  are minor and 
s h o u l d  n o t  s i g n i f i c a n t l y  a f f e c t  p e r f o r m a n c e .  On d i s s e c t i o n ,  some v a r i a t i o n  i n  
honeycomb-to-face sheet  and ablator- to-face sheet  adhesion w a s  no ted  on  two of 
t he  pane l s .  Cons ide rab le  va r i a t ion  in  du romete r  ha rdness  w a s  found  between  panels 
and on the  back  of a sec t ion  o f  each  pane l  w i th  the  f ace  shee t  r emoved .  
Inspec t ion  of  the  curved  panel  revea led  problems in  both  X-radiographic  in-  
spec t ion  and  in  p roduc ing  a curved panel .  Because paral lax problems were g r e a t e r  
i n  X - r a d i o g r a p h i c  i n s p e c t i o n  o f  t h e  c u r v e d  p a n e l  t h a n  i n  i n s p e c t i o n  o f  f l a t  p a n e l s  
a l t e r n a t i v e  t e c h n i q u e s  were developed. The f l a t  p a n e l s  were i n s p e c t e d  u s i n g  a 
convent iona l  X-ray tube  and a 7-foot  (2.14 m) t a r g e t / f i l m  d i s t a n c e .  T a r g e t / f i l m  
d i s t a n c e  is the  d i s t ance  f rom the  X-ray source ,  i .e. , t h e  t a r g e t  o f  t h e  X-ray 
t u b e ,  t o  t h e  X+ay f i l m .  A rod  anode X-ray t u b e  t i l t e d  17' from  normal  and a 
20-inch (51-cm) t a r g e t / f i l m  d i s t a n c e  was used t o  i n s p e c t  t h e  c u r v e d  p a n e l .  V o i d s ,  
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cracks,   and honeycomb crushing  were r e v e a l e d  i n  t h e  c u r v e d  p a n e l .  On d i s s e c t i o n ,  
vo ids  and  dens i ty  va r i a t ions  near t h e  f a c e  s h e e t  were conf i rmed .  In  add i t ion ,  
t h e  face s h e e t  w a s  poorly bonded t o  t h e  honeycomb a n d  a b l a t i v e  material. 
N O  face sheet-to-core unbonds were de tec t ed  on  any  o f  t he  pane l s  by  v i sua l  
or  co in- tap  techniques .  
In f r a red  in spec t ion  r evea led  the  p re sence  and  the  pos i t i on  o f  co re  sp l i ces  
i n  a l l  p a n e l s  b u t  d i d  n o t  reveal small void  areas i n  t h e  c u r v e d  p a n e l .  
Process  analysis.- In  ana lyz ing  the  va r ious  f ab r i ca t ion  p rocesses  f rom the  
s t andpo in t  o f  i n spec t ion  ease, the  fo l lowing  obse rva t ions  were made: 
The BRU-LE pane l s  f ab r i ca t ed  by  c losed  d i e  mold ing  t echn iques  had  
the  most   uniform material d e n s i t y .  The numerous  inclusions  found 
i n  t h i s  p a n e l  may not  a f fec t  thermal  per formance  but  could  be  elimi- 
n a t e d  b y  b e t t e r  p r o c e s s  c o n t r o l .  E v i d e n c e  o f  b r o k e n  c o r e  i n  t h i s  
p a n e l  i n d i c a t e s  t h a t  t h e  p r o c e s s  parameters have not  been opt imized.  
P o o r  f a c e  s h e e t  a d h e s i o n  o f  t h i s  p a n e l  i n d i c a t e s  t h a t  t h e  s i n g l e -  
s t e p  bond  p rocess  needs  to  be  fu r the r  i nves t iga t ed ;  
The MAR-LE p a n e l  v a r i e d  i n  r a d i o g r a p h i c  d e n s i t y ,  b u t  a p p e a r e d  u n i -  
form on d i s s e c t i o n .  A change i n  t h e  bond  coat ing material i s  i n d i -  
ca ted  to  minimize  inspec t ion  problems;  
The FAN-LE p a n e l  showed areas o f  va ry ing  r ad iog raph ic  dens i ty  ind i -  
cative of  vo ids .   S ide  view radiographs   revea led  a less dense  band 
of material nea r  t he  f ace  shee t  i nd ica t ing  nonun i fo rmi ty  in  pack ing .  
Hardness  measurements  of  the ablator  with the face s h e e t  removed 
i n d i c a t e d  good uni formi ty   bu t   lower   va lues   than   the   pane l   face .  The 
lower  ha rdness  va lues  a l so  ind ica t e  low-dens i ty  material n e a r  t h e  
f a c e  s h e e t ;  
The NAR-LE p a n e l  was leas t  u n i f o r m  i n  r a d i o g r a p h i c  d e n s i t y ,  i n  a b l a -  
t ive material adhes ion ,   and   i n   f ace   shee t   adhes ion .  A change i n  
process  i s  i n d i c a t e d  t o  c o r r e c t  t h e s e  v a r i a t i o n s ;  
The NAR-LE c u r v e d  p a n e l  e x h i b i t e d  v o i d s ,  d e n s i t y  v a r i a t i o n s ,  p o o r  
f ace  shee t  adhes ion ,  and  poor  ab la to r  adhes ion .  A change i n  p r o c e s s  
i s  a l s o  i n d i c a t e d  f o r  f a b r i c a t i o n  o f  t h e s e  p a n e l s .  
Quality Assurance  and  Inspection o f  Task I 1 1  Test  Specimens 
During  fabr ica t ion  of  Task  111 tes t  specimens,  normal  qual i ty  assurance meas- 
u r e s  were a p p l i e d  t o  a t t a i n  s p e c i m e n  u n i f o r m i t y .  T h i s  i n c l u d e d  a s s u r a n c e  o f  r a w  
material qua l i t y ;  f ab r i ca t ion  p rocess  confo rmance ;  and  nondes t ruc t ive  in spec t ion  
of specimen b i l le t s ,  un ins t rumented  spec imens ,  and  f ina l - ins t rumented  p lasma arc 
spec imens .  Nondes t ruc t ive  in spec t ion  cons i s t ed  o f  v i sua l  i n spec t ion  fo r  gene ra l  
condi t ion ,  X-radiography for  in te rna l  condi t ion ,  and  homogenei ty  and  durometer  
ha rdness  fo r  cu re  un i fo rmi ty .  The f a b r i c a t i o n  p r o c e s s  w a s  changed to e l i m i n a t e  
s i l i c o n e  w e t  c o a t i n g  a n d  t o  s u b s t i t u t e  a phenolic  bond  coating. This c h a n g e ,  i n  
c o m b i n a t i o n  w i t h  g r e a t e r  f a m i l i a r i t y  w i t h  t h e  MG-36 material, r e s u l t e d  i n  u n i f o r -  
m i t y  of X-radiographic density and i n  uniformity through the material th i ckness .  
Fibrous materials were e v i d e n t  on t h e  s u r f a c e  o f  a l l  specimens and small metall ic 
i n c l u s i o n s  were n o t e d  i n  most  specimens.  Hardness  var ia t ions were as p r e d i c t e d  
f o r  e a c h  s a m p l e  v a r i a t i o n  ( i . e . ,  low for  contaminated  samples ,  nominal  va lues  for  
no rma l  dens i t i e s  and  p rocess ing  and  h igh  fo r  h ighe r  dens i ty  samples )  and  fu r the r  
v e r i f i e d  t h e  s e n s i t i v i t y  of t h i s  t e c h n i q u e .  Overall specimen  uniformity w a s  b e t -  
ter than any panels  inspected during Task I o r  11. 
A l l  instrumented plasma arc  specimens were X-radiographed t o  p r e c i s e l y  meas- 
u r e  thermocouple   loca t ions .   Af te r  tes t ,  a l l  samples  were a g a i n   r a d i o g r a p h e d   t o  
determine  thermocouple  posit ion  and  depth  of  char.  The X-ray d a t a  were c o r r e l a t e d  
w i t h  r e s u l t s  o b t a i n e d  by spec imen  d i s sec t ion .  
THERMAL  PROTECTION  SYSTEM  PERFORMANCE  REQUIREMENTS 
A cons ide rab le  va r i e ty  o f  mis s ions  are e n v i s i o n e d  f o r  a workhorse Space Shut- 
t l e  system,  each  having i t s  own p a r t i c u l a r  set of  environments.  Of t h e  two 
s t a g e s ,  t h e  o r b i t e r  v e h i c l e  w i l l  expe r i ence  the  more i n t e n s e  a n d  d i v e r s i f i e d  i n -  
p u t s .  T h i s  v e h i c l e  m u s t  i n t e g r a t e  t h e  b a s i c  c h a r a c t e r i s t i c s  o f  f o u r  s p a c e c r a f t  -- 
l a u n c h e r ,  o r b i t e r ,  e n t r y  b o d y ,  a n d  s u b s o n i c  a i r p l a n e .  
Key base l ine  sys t em requ i r emen t s*  tha t  w i l l  i n f  h e n c e  t h e  s t u d y  o f  t h e  e f f e c t s  
o f  d e f e c t s  i n  a b l a t o r  p a n e l s  are: 
1 )   Reusab le   o rb i t e r ;  
2) Low- and  high-crossrange  vers ion;  
3) Seven-day  mission  duration; 
4)  Bui l t - in   go-around  capabi l i ty ;  
5) C a p a b l e   o f   e r r y   f l i g h t s ;  
6) I n t a c t   a b o r t ;  
7) Ten-year   l i fe t ime,  100 miss ions ;  
8) S u r v i v a b i l i t y   a g a i n s t   r a d i a t i o n ;  
9)   Fa i l -opera t iona l   and   fa i l - sa fe   redundancy   requi rements ;  
10)  Compatible  with  payloads.  
* 
Space  Shut t le   Program,  Phase B ,  System  Study Data Book. McDonnell-Douglas/ 
Mart in  Marietta Report MDC E0189, Volume I - P a r t  I ,  October 19, 1970. 
35 
The  des ign  r e fe rence  mis s ion  se l ec t ed  i s  l o g i s t i c s  r e s u p p l y  of a space  sta- 
t i o n ;  t h e  i n s e r t i o n  o r b i t  is 50 x 100 n.  mi. (92.6 x 185.2 km) , w h i l e  t h e  r e f e r -  
ence o r b i t  is  270 n. m i .  (500.0 km) a n d  c i r c u l a r  a t  5 5 "   i n c l i n a t i o n .   A d d i t i o n a l  
d e t a i l s  are p r e s e n t e d  i n  t a b l e  111, which  a l so  lists o t h e r  p o t e n t i a l  m i s s i o n s  o f  
i n t e r e s t .  
The time scale f o r  t h e  b a s e l i n e  m i s s i o n  is p r e s e n t e d  i n  f i g u r e  1 7  a n d  t h e  
events  sequence i s  c o r r e s p o n d i n g l y  l i s t e d  i n  table I V .  
Major emphasis was p laced  on t h e  d e l t a  s h a p e d  h i g h - c r o s s r a n g e  o r b i t e r  i l l u s -  
t r a t e d  i n  f i g u r e  18. Aerodynamic  and t r a j e c t o r y   p a r a m e t e r s  are summarized i n  
f i g u r e s  1 9  and 20. 
Defects produced during TPS f ab r i ca t ion  can  man i fe s t  t hemse lves  du r ing  even t s  
o t h e r   t h a n   e n t r y .  Dormant types  of c r i t i ca l  defec ts   can   germina te   dur ing   the  
fol lowing phases:  
Launch s i te  s t o r a g e ;  
I n s t a l l a t i o n  on v e h i c l e ;  
P re l aunch  ch i l l down  nea r  c ryogen ic  fue l s ;  
C o n t a c t  w i t h  o i l s ,  v a p o r s ,  e t c ;  
A s  c e n t  , 
a)   Heat ing,  
b)  Acous t ics ,  
c )   V ib ra t ion ,  
d) Max q ,  
e)   Separa t ion ;  
O r b i t ,  
a)  Cold  soak, 
b) Radia t ion ,  
c )   S o l a r   h e a t   c y c l e s ,  
d)   Mission  inputs ,  
e)   Deorbi t ing.  
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TABLE 111.- SHUTTLE MISSION  CHARACTERISTICS 
Missions 
Orbital  
A1 t i  tude,  n.mi . 
( k m )  
Inc l ina t ion ,  
deg 
On-orbi t A V ,  
1000 fps 
(1000 mps) 







l b  (1000 kg) 
Volume 1000 
f t 3 ,  (1000~13) 
Cr i t i ca l  d i -  
mension dia-  
meter, f t .  (m) 
;pace s t a t i o n /  
lase  log is t ics  
;uoDort 
200 t o  300 
(370.4 t o  
555.6) 
28.5 t o  90 










10 thru 15 
(3.1 t o  4.6) 
5, Includes  passengers. 
P1 acement & 
r e t r i eva l  of 
s a   t e l l  it e s  
100 t o  800 
(185.2 t o  
1481.6) 
28.5 t o  
sun syn- 
chronous 












Del i very o f  
propulsive 
s tages  & 
555.6)  370.4) 
(370.4 t o  (185.2 
200 t o  300  100 t o  200 
propel lants  payl  oads 
Delivery o f  
28.5 t o  55 28.5 t o  55 
1 thru 1.5 
0.610)  0.457) 
(0.305 thru (0.305 thru 
1 thru 2 
7 l  7 
2 2 
2 i 2  
Sate1 1 i t e  
se rv ice  & 
maintenance 
100 t o  800 
(185.2 t o  
1 81.6) 
28.5 t o  
sun syn- 
chronous 














o rb i t a l  
mission 
100 t o  300 
(185.2 t o  
555.6) 
28.5 t o  90 







4 thru 6 
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0.170) 
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TABLE IV EVENTS SEQUENCE SPACE SHUTTLE MISSION  PHASES,  HIGH-CROSSRANGE  SYSTEM (Logistics  Mission) 
I Phase [ A s c e n t  





i n s t a l l a t i o n a  
. -  
I 
Durati on Boundary 
Booster Orbiter Booster I Orbiter 
~ ~~ ~~~ 
201 s 436 s Tower c l ea rance  to  50 x 100 Tower clearance thru 
s tage  separa t ion  n .  m i .  (92.7 x 185.2 km) 
o r b i t  i n s e r t i o n  
" 6 days 50 x 100 n .  mi. (92.7 x 185.2 " 
20 hr km) orbit insert t o  pos i t ion  
fo r  r e t rog rade  
108 m i n  74 m i n  
engine shutdown 
breathing engine shutdown thru a i r -brea th ing  
Retrograde burn thru a i r -  S tage  separa t ion  
- 
- 
a Elapsed time based on  two 8-hr sh i f t s  per  day ,  20 th  u n i t  through maintenance. 
" " Pos t f l i gh t  ope ra t ions  thru vehic le  deservice a f t e r  
f e r r y  f l i g h t  
.85 days Engine  shutdown thru vehicle  deservice 
(14 hr) 
3.4 days Transport  to maintenance area t o  maintenance cycle 
(54 hr) 
May occur  af ter  maintenance " 0.25 days 
compl e t i  on 
cyc le ,  d u r i n g  prelaunch ( 4  hr) 
( p r i o r  t o  e r e c t i o n ) ,  a n d / o r  
d u r i n g  launch countdown 
Carbon/carbon I A 
surface 
Baseline TPS design Nickel 
high crossrange  d lta wing orbiter  superalloy 
h o t  
s t ruc ture  
Figure 18.- Thermal Protection,  High-Crossrange  Orbiter 
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LAUNCH  ARRANGEMENT CHARACTERISTICS 
0.04 t 
0 
0 1 2 3 4 5 6 
Mach number 
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0 
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DELTA ORBITER  CHARACTERISTICS 
Hypersonic  
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F igure 19. -  Aerodynamic Character is t ics ,  High-Crossrange System 
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F i g u r e  20.- T r a j e c t o r y  P a r a m e t e r s ,  H i g h - C r o s s r a n g e  S y s t e m  
The S h u t t l e  m i s s i o n s  w i l l  impose s ign i f i can t  pe r fo rmance  r equ i r emen t s  on t h e  
h e a t  s h i e l d  s y s t e m  f o r  t h e  n o n e n t r y  p h a s e s  i n  a d d i t i o n  t o  t h o s e  s p e c i f i c a l l y  con- 
cerned  wi th  the  en t ry  phase .  These w i l l  b e  d i c t a t e d  p r i m a r i l y  f r o m  c o m p a t i b i l i t y  
requirements imposed by other subsystems of the S h u t t l e  and the o v e r a l l  m i s s i o n s .  
The fo l lowing  compat ib i l i ty  requi rement  are apparent  a t  t h i s  t i m e .  
1 )  Aero  system, 
a )  Su r f  ace smoothness , 
b)  Contour, 
c) P a r t i c l e   r o s i o n ;  
2) Mechanical  systems, 
a )   Opera t ion  of doors  and  other  mechanisms, 
b )   H y d r a u l i c   f l u i d s ,  
c )   Lubr icants ;  
3) Communications s y s  t e m ,  
a)   Boundary  layer  contamination, 
b)  Ground p l a n e   f f e c t ;  
4 )  Propuls ion  s y s  t e m ,  
a) Fuels ,  
b )  Oxid izer  ( lox)  ; 
5) Thermal c o n t r o l   s y s t e m ,  
a )   Emiss iv i ty   and   abso rp t iv i ty ,  
b) Outgassing  contaminat ion;  
6 )  Pay load   and   space   s t a t ion   compa t ib i l i t y ,   i nc lud ing   ou tgass ing  
contaminat ion.  
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These  Shut t le  miss ions  and  envi ronments  d ic ta te  cer ta in  per formance  requi re -  
men t s  t ha t  an  ab la t ive  the rma l  p ro tec t ion  sys t em mus t  s a t i s fy  to  ensu re  success  
and crew sa fe ty  du r ing  Space  Shu t t l e  o rb i t a l  mi s s ions .  These  r equ i r emen t s  i n  
t u r n  d e f i n e  t h e  c r i t i ca l  material p r o p e r t i e s  o u t l i n e d  h e r e .  The c o r r e l a t i o n  of 
test a n d  a n a l y t i c a l  r e s u l t s  w i t h  i n d u c e d  f a b r i c a t i o n a l  d e f e c t s  i s  keyed t o  t h e s e  
c r i t i ca l  p r o p e r t i e s .  
The sa l i en t  pa rame te r  i n  the rma l  pe r fo rmance  is backface temperature execur- 
s i o n s  t h a t  c o u l d  i n d u c e  o v e r h e a t i n g  i n  t h e  s u p p o r t i n g  s t r u c t u r e .  The b a s e l i n e  
a b l a t o r  c o n f i g u r a t i o n  was examined and i t  was assumed t h a t  t h i s  c o m p o s i t e  p a n e l  
is a t t ached   t o   p r imary   veh ic l e   s t ruc tu re   ( a luminum)  a t  d i s c r e t e  p o i n t s .  The gap 
be tween  the   face   shee t   and   pr imary   s t ruc ture  i s  cons idered   essent ia l ly   zero .   The  
des ign   nominal   back   sur face   t empera ture  is  300°F ( 4 2 2 K ) .  A t  t h i s  time, informa- 
t i o n  c o n c e r n i n g  t h e  S h u t t l e  d e s i g n  is  n o t  s u f f i c i e n t  t o  e s t a b l i s h  a c t u a l  v a l u e s  
f o r  some of t he  r equ i r emen t s  ou t l ined .  
The performance requirements are d iv ided  in to  the  ca t egor i e s  o f  t he rma l ,  
s t r u c t u r a l ,  c h a r  l a y e r  i n t e g r i t y ,  a n d  c o m p a t i b i l i t y  w i t h  o t h e r  s y s t e m s  a n d  t h e  
mission.  Although  degradation  in  any  of  these classes because  of c r i t i c a l  d e f e c t s  
c a n  p r e c i p i t a t e  d i f f i c u l t i e s  i n  a l l  t h e  c a t e g o r i e s ,  t h e y  are discussed indepen-  
d e n t l y  i n  t h e  f o l l o w i n g  s e c t i o n s .  
Thermal C r i t e r i a  
The c r i t i c a l  t h e r m a l  p r o p e r t i e s  o f  t h e  a b l a t i v e  p a n e l s  t o  e n s u r e  t h a t  t h e  d e -  
s i g n  s t r u c t u r e  t e m p e r a t u r e s  are not  exceeded are: 
1) Thermal   conduct iv i ty ;  
2 )  S p e c i f i c   h e a t ;  
3)  Density; 
4 )  Emiss iv i ty ;  
5) Degrada t ion   k ine t i c s ;  
6 )  Degradat ion  products ;  
7) Heat o f   r eac t ions ;  
8) S u r f a c e   r e c e s s i o n   k i n e t i c s .  
A b roadbrush  eva lua t ion  o f  t hese  p rope r t i e s  i s  ob ta ined  f rom the  in su la t ion  
e f f i c i ency  pa rame te r .  Th i s  bas i c  pa rame te r  p rov ides  a " p a r t i a l "  e v a l u a t i o n  o f  
t h e s e  c r i t i c a l  thermal  proper t ies ;  however ,  for  the  c r i te r ia  to  be complete ,  
s t ruc ture   t empera ture   excurs ions   mus t   a l so   be   cons idered .   For   example ,   s tudy  
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r e s u l t s  show t h a t  t h e  e f f i c i e n c y  of a 15 t o  1 7  l b / f t 3  (240 t o  272 kg/m3)  mater ia l  
w a s  t h e  same, ye t   s t ruc tu re   t empera tu res   d i f f e red   by   40°F  (277K) . Thus,  the i m - -  
p o r t a n t  e v a l u a t i o n  i n  t h i s  case is  s t r u c t u r e  t e m p e r a t u r e  a n d ,  f o r  a design  temper- 
a ture  overshoot  of  75°F (42K) [25%*  of  the  300°F (422K) d e s i g n  v a l u e ] ,  t h e  e f f e c t  
of a l o c a l  2 l b / f t 3  ( 3 2  kg/m3) dec rease  in  dens i ty  wou ld  be  nonc r i t i ca l .  However, 
cons ider  the  case  where  a dens i ty  dec rease  i s  coupled with crushed core,  which 
r e s u l t e d  i n  char lo s s .  I n  t h i s  case, the  t empera tu re  ove r shoo t  cou ld  eas i ly  be- 
come c r i t i ca l .  
Because the combinat ions of  defects  are numerous  and i n  r e a l i t y  some d e f e c t s  
might be "allowed" through design compromises,  the present study has taken the 
s impl i f i ed  approach  tha t  a g iven  de fec t  is c l a s s i f i e d  as c r i t i c a l  o n l y  i f  i t  a l o n e  
exceeds   t he   ove r shoo t   t o l e rance .   Thus ,   t o   de t e rmine   t he   c r i t i ca l i t y   o f   t he  vari-  
ous  de fec t s  i nves t iga t ed ,  back face  t empera tu re  r e sponse  and  the rma l  e f f i c i ency  
were compared wi th  de fec t - f r ee  con t ro l  spec imens .  
Structural  Criteria 
The r equ i r emen t s  fo r  s t ruc tu ra l  pe r fo rmance  o f  t he  material a r e  d e s i g n e d  t o  
a s s u r e  c o n f i d e n c e  t h a t  a b l a t o r  p a n e l s  w i t h  p a s s a b l e  d e f e c t s  p o s s e s s  a d e q u a t e  
s t r eng th  to  pe r fo rm the  fo l lowing  func t ions :  
T r a n s m i t  f l i g h t  l o a d s  t o  t h e  p r i m a r y  s t r u c t u r e ;  
Accommodate thermal and pressure-induced loads without excessive 
c racking;  
P r o v i d e  a d e q u a t e  o v e r a l l  p a n e l  s t i f f n e s s  t o  l i m i t  load-induced 
s t r a i n  i n  t h e  c h a r  l a y e r  t o  a n  a c c e p t a b l e  l e v e l ;  
Ma in ta in  adequa te  s t r eng th  be tween  the  f i l l e r  and  c e l l  walls t o  
p r e v e n t  l o s s  o f  f i l l e r ;  
P roh ib i t  a t t achmen t  po in t  f a i lu re s  tha t  wou ld  j eopa rd ize  pane l  
r e t e n t i o n ;  
Withstand  the  launch  noise   (159 dB) environments;  
P o s s e s s   u f f i c i e n t   m e c h a n i c a l   p r o p e r t i e s  ( E ,  a, E ) t o   e n s u r e  
no cracking a t  temperatures  of -150°F (173K) d u r i n g  o r b i t .  
u l t  
* 
A t o l e r a n c e  o f  25% is allowed based on t h e  d e s i g n  c r i t e r i a  d e v e l o p e d  f o r  t h e  
PRIME program. 
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Char  Layer In t e  gr  i t y  
Ef f i c i en t  pe r fo rmance  o f  t he  ab la t ive  the rma l  p ro tec t ion  sys t em depends  on 
the   char   l ayer .   Per formance   of   the   char   l ayer   depends  on a v a r i e t y  o f  f a c t o r s .  
F o r  t h i s  r e a s o n  i n t e g r i t y  o f  t h e  c h a r  l a y e r  is inc luded  as a system performance 
r equ i r emen t .   Cha r   l aye r   i n t eg r i ty  is def ined  as r e t e n t i o n  of t he   cha r   l aye r   by  
main ta in ing  i t s  a t t a c h m e n t   t o   t h e   v i r g i n   a b l a t i v e  material l a y e r ;   t h e   r e s t r ' i c t i o n  
o f  s p a l l a t i o n  of l a r g e  p a r t i c l e s  o f  c h a r ;  a n d  c h e m i c a l  s t a b i l i t y  o f  t h e  c h a r  c o n -  
s t i t u e n t s  d u r i n g  t h e  h e a t e d  p e r i o d s  t o  p r e c l u d e  s u d d e n  m e l t i n g  o r  c o l l a p s i n g  o f  
t h e  c h a r  l a y e r .  C h a r  i n t e g r i t y  m u s t  b e  m a i n t a i n e d  f o r  t h e  f o l l o w i n g  c o n d i t i o n s :  
1 )   Heat ing   ra te ,   15   to   55   Btu / f t2-s   (0 .17   to   0 .625  MM/m2); 
2)  Local  pressure,   0.005 a t m  (507  N/m2); 
3 )  Heat t r ans fe r   coe f f i c i en t ,   0 .005   t o   0 .006   l b / f t2 - s   (0 .0098   t o  
0.0294  kg/m2-s) ; 
4 )  Enthalpy,  3000 t o  12 000 Btu / lb  (6 .98  to  27.9  MJ/kg) ; 
5)   Viscous  shear ,  Q, 2 psf   (95.8 N/m2) ; 
6)   Loca l   p ressure   g rad ien ts   (undef ined)  ; 
7) Subs  t ruc tu re - induced  s t r a in  (1.0%) ; 
8) Prior   environment   exposure  (undefined)  ; 
9)   Pulse   requirements   for   the  above items (undef ined) .  
Cornpa t i  b i  1 i t y  
The ab la t ive  thermal  pro tec t ion  sys tem must  be  compat ib le  wi th  o ther  sys tems,  
the   payload ,  and t h e   o v e r a l l   m i s s i o n .  The fo l lowing  items have   been   i den t i f i ed  
a s  compa t ib i l i t y  r equ i r emen t s  fo r  wh ich  spec i f i c  l eve l s  mus t  be  de f ined :  
1) Vacuum o u t g a s s i n g   d u r i n g   o r b i t ,  
a)   Rate ,  
b)   Level ,  
c) Products ;  
2)  Surface  smoothness; 
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3)  P a r t i c l e   r o s i o n ,  
a )   Dur ing   nonent ry   phases ,  
b )   Dur ing   en t ry ;  
4 )  Melt f low  du r ing   e t ry ;  . .  
5 )  Outgass ing   products   dur ing   en t ry ;  
- . I  
6)   Emiss iv i ty   and   abso rp t iv i ty   du r ing   nonen t ry   phases ;  
7) Onboard f l u i d s ,  
a)  Lox, 
b)   Hydraul ic ,  
c)   Lubricants ,  
d) Fue l s ;  
8) D i e l e c t r i c   o n s t a n t .  
MODELS  AND  INSTRUMENTATION 
Sixty-n ine  s tandard ized  p lasma arc "splash" models,  two 16x8x2-inch  (40.6x20.3 
x5.08 cm) a b l a t i v e  p a n e l s ,  and 95 t e n s i l e  coupons were t e s t e d  d u r i n g  t h i s  i n v e s -  
t i g a t i o n .  The "splash"  specimen  design was v e r i f i e d  d u r i n g  a sc reen ing  test phase 
i n  which  planned  specimen  instrumentation was a l s o  e v a l u a t e d .  I n  a d d i t i o n ,  i t  
w a s  agreed during Task I1 discuss ions  wi th  the  Langley  Technica l  Moni tor  tha t  the  
fo l lowing  two items would a l s o  b e  i n c o r p o r a t e d  i n  t h i s  s c r e e n i n g  p h a s e .  F i r s t ,  
t h e  p r o c e s s i n g  times and char  bond s t rength of a core bond coat of Dow Coming 182 
s i l i c o n e  r e s i n  and t h e  Monsanto SC1008 phenolic resin would be compared. Based 
o n  t h e  r e s u l t s ,  a s tudy  base1, ine bond coa t  would be  se lec ted .  Secondly ,  an  eva-  
l u a t i o n  would be  make of  Hitco FlOO A-25 f i b e r s  as a s u b s t i t u t e  f o r  t h e  c o n t r a c t -  
s p e c i f i e d  m i c r o q u a r t z  f i b e r s  d i s c o n t i n u e d  by Johns  Manv i l l e .  O the r  spec i f i c  ob- 
j e c t i v e s  a t  the  pre l iminary  screening  tests were t o :  
1 )  Evalua te  material response  and the need  for  wrapping  spec imen s ides  
t o  p r e v e n t  material l o s s  a t  the edges;  
2 )  Q u a l i t a t i v e l y  e v a l u a t e  t h e  e f f e c t s  of   edge  radius  on h e a t i n g  u n i f o r -  
mity and specimen performance; 
3) Determine the optimum  model  diameter w i t h  r e s p e c t  t o  s i d e  h e a t i n g  a n d  
su r face  hea t ing  un i fo rmi ty ;  
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4)   Verify  the  placement  of thermocouples   wi th in   the  test specimens  for  
de te rmina t ion  of  sur face  tempera ture  and  tempera ture  d is t r ibu t ion;  
5) E v a l u a t e   t h e   r e l i a b i l i t y   a n d   a c c u r a c y   o f   b a c k   s u r f a c e   t h e r m o c o u p l e s .  
Fif teen specimens were f a b r i c a t e d  a n d  t e s t e d  f o r  t h i s  p u r p o s e .  
Concur ren t  w i th  these  sc reen ing  tests, an in-house s tudy w a s  c o n d u c t e d  t o  
eva lua te  such  po ten t i a l  p rocess ing  improvemen t s  as a b l a t i v e  f i l l e r  m i x i n g ,  f i b e r  
d i spers ion ,  and  core  loading .*  The d a t a  f r o m  b o t h  t h e s e  e f f o r t s  were incorpora ted  
in  ma te r i a l  f ab r i ca t ion  and  spec imen  des ign  p rocedures .  
Defec ts   I nves t i ga ted  
From t h e  c o m p i l a t i o n  o f  t h e  p o t e n t i a l l y  c r i t i c a l  d e f e c t s  i d e n t i f i e d  i n  t h e  
p rev ious  sec t ion ,  t he  fo l lowing  "de fec t s "  were s e l e c t e d  f o r  i n v e s t i g a t i o n  d u r i n g  
the  reent ry  phase  of  the  Space  Shut t le  miss ion .  
Density.- During Task I, v a r i a t i o n s  i n  d e n s i t y  seemed t o  h a v e  a v e r y  d e f i n i t e  
e f f e c t  on f i l l e r  bond s t r e n g t h .  T h i s  e f f e c t  was e s p e c i a l l y  n o t i c e a b l e  when t h e  
honeycomb core  w a s  p r e t r e a t e d  w i t h  t h e  DC-1200 s i l i c o n e  p r i m e r .  The adhesion  be- 
tween t h e  f i l l e r  a n d  t h e  honeycomb w a s  r e l a t e d  t o  t h e  d e n s i t y  v a r i a t i o n  f r o m  s u r -  
f a c e  t o  f a c e  s h e e t .  
The d e n s i t y  v a r i a t i o n  m o d e l s  made us ing  the  impac t  f i l l i ng  me thod  inc luded  
nominally packed models with a bulk  dens i ty  of  16  lb / f t3  (256  kg/m3)  and  over -  
packed and underpacked models with bulk densit ies o f  1 6  t o  18 l b / f t 3  .(272 t o  288 
kg/m3)  and  14 t o  1 5  l b / f t 3  ( 2 2 4  t o  250 kg/m3>.   Resul ts  were obtained  concerning 
the  e f f ec t  o f  (1) bu lk  dens i ty  va r i a t ions  and  dens i ty  g rad ien t s  t h rough  the  ma- 
t e r i a l  on t h e r m a l  e f f i c i e n c y ,  c h a r  d e p t h ,  a n d  c h a r  i n t e g r i t y ,  a n d  ( 2 )  t h e  e f f e c t  
o f  b u l k  d e n s i t y  v a r i a t i o n s  on char-to-core bond strength.  
F i l l e r  bond t o  H.C..- It was found during Task I t h a t  r e s i n  bond coating of 
the  core  before  packing  w a s  n e c e s s a r y  t o  o b t a i n  a good bond of f i l l e r  t o  c o r e .  
It  w a s  no ted  tha t  " excess ' 1  r e s in  is  c a r r i e d  down t h e  c e l l  by the  wip ing  ac t ion1  
o f  t h e  f i l l e r .  T h i s  e x c e s s  r e s i n  i s  concen t r a t ed   nea r   t he  face shee t   and  is un- 
des i rab le  because  of  i t s  e f f e c t  on mater ia l  p roper t ies  and  homogenei ty  and  because  
i t  i n c r e a s e s  t h e  d i f f i c u l t y  i n  i n t e r p r e t i n g  NDT i n s p e c t i o n  r e s u l t s .  The test 
m o d e l s  i d e n t i f i e d  i n  t a b l e s  V and V I  are in t ended  to  p rov ide  da t a  on  the  e f f ec t s  
of bond c o a t i n g  on t h e r m a l  p e r f o r m a n c e ,  c h a r  r e t e n t i o n  s t r e n g t h ,  a n d  f i l l e r  bond 
s t r e n g   t h  . 
Voids.- Voids a r e  a common d e f e c t  i n  honeycomb a b l a t o r s  t h a t  c a n  o c c u r  i f  p a c k -  
i n g  i s  improperly  performed.  Although  the  most common occurrence w i l l  b e  n e a r  t h e  
face   shee t ,   they   can   occur   in   depth   th roughout   the   th ickness .   Thus ,   l a rge   vo ids  
(25%  of c e l l  volume) i n  a l l  cells  were l o c a t e d  a t  v a r i o u s  d e p t h s  w i t h i n  t h e  
* 
Chandler,  Hue1 H. :  Ea r th   En t ry   Ab la t ive  Heat S h i e l d .  R-70-48669-008, June  1971. 
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M a t e r i a l  V a r i a t i o n  
~~ 
Un i fo rm dens i ty  
Un i fo rm dens i ty  
Un i fo rm dens i ty  
Un i fo rm dens i ty  
Un i fo rm  dens i t y  
Un i fo rm dens i t y  
Phenol ic bond coat ing 
Phenol ic bond coat ing 
Phenol ic bond coat ing 
Phenol ic bond coat ing 
Phenol ic bond coat ing 
Phenol ic bond coat ing 
S i  1 i cone  bond coa t ing  
S i l i c o n e  bond coa t ing  
S i l i cone  bond  coa t ing  
S i l i c o n e  bond coa t ing  
S i l i cone  bond  coa t ing  
No bond coa t ing  
S i l i c o n e  bond coa t ing  
No bond coat ing 
No bond coat ing 
No bond coat ing 
No bond coat ing 
High  densi ty  
No bond coat ing 
High densi ty  
High densi ty  
H igh  dens i t y  
High densi ty  
High densi ty  
Cont.rol   densi ty 
Con t ro l   dens i t y  
Con t ro l   dens i t y  
Cont ro l   dens i ty  
Cont ro l   dens i ty  
Cont ro l   dens i ty  
Low d e n s i t y  
Low dens i t y  
Low d e n s i t y  
Low d e n s i t y  
Low d e n s i t y  
Low d e n s i t y  
Vo ids  l oca t i on  A 
Vo ids   loca t ion  A 
Vo ids  l oca t i on  A 
Voids l o c a t i o n  A 
Voids l o c a t i o n  A 
Voids l o c a t i o n  8 
Voids l o c a t i o n  A 
Voids l o c a t i o n  B 
Voids l o c a t i o n  B 
Vo ids  l oca t i on  B 
Voids  locat ion B 
Vo ids  l oca t i on  B 
Vo ids  l oca t i on  C 
Vo ids  l oca t i on  C 
V o i d s  l o c a t i o n  C 
Vo ids  l oca t i on  C 
Vo ids   l oca t i on  C 
Vo ids   l oca t i on  C 
3/4- in.   (1.91 cm) core 
3/4-in.  (1.91 cm core 
3/4- in.   (1.91 cm{ core 
1-1/8-in.  (2.85 m) core 
1-1/8-in.  (2.85 cm) core 
1-1/8-in. (2.85 cm) core 
A1 te red   cu re  
A1 t e r e d   c u r e  
A l te red  cu re  
7 - 
Thi 1 
































































































































































































































































































































































Oensi t y  
b / f t 3  kg/m3 





































































T + Nominal t e s t  h e a t  f l u x  












































































































































E: F o r   v o i d   l o c a t i o n  see F igu re  VI-1. 
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T Mater i  a1 v a r i a t i o n  1 b / f t 3  
Phenol ic bond coat ing 
14.2 No core 
14.2 No core  
14.2 No core 
15.9 Contro l  
15.9 Contro l  
15.9 Con€rol 
15.3 No f i b e r s  
16.3 A 1  t e red   cu re  
17.2 Low dens i ty 
14.8 High  densi ty  
16.5 No bond coat ing 
16.5 No bond coa t ing  
16 ..5 No bond coat ing 
16..2 S i l i c o n e  bond coa t ing  
16.2 S i l i c o n e  bond coat ing 
16.2 S i l i c o n e  bond coa t ing  
16.3 Phenol ic bond coat ing 






































































specimen, as shown i n  f i g u r e  2 1 ,  t o  e v a l u a t e  . - t h e i r  e f f e c ' t  'on d h a r  s t a b i l i t y  and 
t h e r m a l   e f f i c i e n c y  . 
Crushed Core.- A ma jo r  de fec t  a s soc ia t ed  wr ih  &he  'ilripact f i l l i n g  o p e r a t i o n s  
w a s  core  c rush ing .  This w a s  caused  by  both  acc identa l  ' impact ing  of  the  core  
w h i l e  f i l l i n g ,  a n d  b y  t h e  h i g h l y  l o c a l i z e d  a p p l i c a t i o n  o f  p r e s s u r e s  t h a t  s p l i t  
node  bonds  and c e l l  walls. An e v a l u a t i o n  w a s  conducted  to  de te rmine  the  degree  
of char  suppor t  p rovided  by  the  core .  . .  
Formulation.- The f i b e r s  were omit ted as. a c o n s t i t u e n t  t o  d e t e r m i n e  t h e  e f -  
f e c t  o f  f i b e r s  on the fi l ler-to-honeycomb bond strength.  
"" State-of-cure.- The cu re   cyc le  i s  known t o   a f f e c t   m e c h a n i c a l   p r o p e r t i e s   a n d  
may a f f e c t  b o t h  t h e  d e g r e e  of bond ing  wi th  the  co re  and  the  the rma l  p rope r t i e s .  
As a n  a l t e r n a t i v e  t o  t h e  M a r t i n  Marietta process ,  a lower temperature  longer  t i m e  
cure  similar to  the  Langley  process  w a s  i n v e s t i g a t e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  
cure   cyc le   var ia t ions   on   char   s t rength   and   thermal   per formance .  The i n v e s t i g a t i o n  
inc luded  s tud ie s  to  de t e rmine  : 
1 )  The e f f e c t  of  undercut  core on c h a r   l a y e r   r e t e n t i o n ;  
2) The e f f ec t  o f  b roken  o r  mis s ing  c e l l  walls on c h a r  r e t e n t i o n ;  
3) The e f f e c t   o f   l a r g e   f i b e r   b u n d l e s  on c h a r  i n t e g r i t y ;  
4 )  The e f f e c t  o f  l o c a l  unbonds  around  an  attachment  point on a b l a t i v e  
l a y e r  a t t a c h m e n t  s t r e n g t h ;  
5) The e f f ec t   o f   l oca l   de l amina t ions   a round   an   a t t achmen t   po in t  on 
a b l a t i v e  l a y e r  bond s t rength .  
These  de fec t s  were s e l e c t e d  b a s e d  on the i r  f requency  of  occurrence  dur ing  fabr i -  
c a t i o n ,  a n d  t h e i r  a n t i c i p a t e d  e f f e c t s  on c r i t i c a l  p r o p e r t i e s  as d e f i n e d  i n  T a s k  I.  
Process 
The base l ine  process  incorpora ted  informat ion  f rom recent ly  concluded  NASA low- 
c o s t  a b l a t i v e  h e a t  s h i e l d  f a b r i c a t i o n  s t u d i e s  a n d  i n - h o u s e  e f f o r t s  t o  r e d u c e  f a b -  
r i c a t i o n  c o s t s .  T h e  material s p e c i f i c a t i o n s  a n d  f a b r i c a t i o n  p r o c e s s e s  are de- 
s c r i b e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  
~-~ Material  specification .- A l l  ma te r i a l s   u sed  were c e r t i f i e d   f o r   c o m p l i a n c e   w i t h  
manufac tu re r s '   pub l i shed   p rope r t i e s .  The fo l lowing  materials were used: 
1 )   S i l i c o n e   r e s i n   ( S y l g a r d  182,  Dow-Corning) ; 
2) Curing  agent  (Sylgard 182,  Dow-Corning) ; 
3) Refrasil g l a s s  f i b e r s  (F100 A-25, Hi tco)  ; 
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L A  
Voi d domain 
(shaded area) 
Void domain 
1 o c a t i  on 
i n d i  cated by 
1 e t t e r s  
inches 
0 1 2 
cm 
0 1 2 3 4 5  
Sect ion A-A 
Figure 21.- Void Specimen Design 
4 )  Phenol ic   Microbal loons  (BJO-0930, Union  Carbide) ; 
5) Glass-phenol ic  honeycomb (HRP 3/8-GFll-2.2, Hexcel Products  Co.) ; 
6)  Epoxy g la s s   p rep reg   c lo th   (181   g l a s s   f ab r i c ,   Coas t   Manufac tu r ing  
and Supply Division of Hexcel Products Co.); 
7) P h e n o l i c   r e s i n  (SC1008,  Monsanto). 
The fo l lowing  formula t ion  w a s  used: 
1) S i l i c o n e  r e s i n ,  22.8%  (by  weight) ; 
2) S i l i cone   cu r ing   agen t ,   2 .2%;  
3 )   R e f r a s i l   f i b e r s ,  4.0%;  
4 )  Phenol ic   Microbal loons,   71.0%. 
The  nominal  dens i ty  of  the  ab la t ive  material MG-36 is 17 "O l b / f t 3  (272 +O 
kg/m3). 
-2 -32 
Fabr icat ion  process. -  
Core   and   face   shee t   p repara t ion :  The g l a s s l p h e n o l i c  honeycomb w a s  c u t  t o  t h e  
d e s i r e d  b i l l e t  s i z e  and  then  vapor-degreased. The  honeycomb t o  b e  u s e d  f o r  t h e  
plasma arc  spec imens  de f ined  in  t ab le  V I I ,  w i t h  t h e  e x c e p t i o n  o f  b i l l e t s  1, 2 ,  3 
and  19, was then  bonded  to a 2-ply  glass/epoxy 181 backup  sheet.   This was ac- 
complished by l a y i n g  up two l a y e r s  o f  p rep reg  c lo th ,  c ros sp l i ed  a t  g o " ,  t h e n  p r i -  
mary  bonding  to  the honeycomb us ing  a vacuum bag .  Rel ie f  ho les  wi th  a 0.063-inch 
(0.16-cm) diameter  were d r i l l e d  t h r o u g h  t h e  l a m i n a t e  f a c e  i n t o  e a c h  honeycomb ce l l .  
The g l a s s  f a c e  s h e e t  was not  bonded t o  t he  honeycomb f o r  b i l l e t s  1, 2, 3 ,  and 
19  because of t he   t echn iques  employed to   c rea te   vo ids   and   un i form  dens i ty .   L ike-  
w i s e ,  f a c e  s h e e t s  were not  bonded  to  the  honeycomb o f  t h e  t e n s i l e  s p e c i m e n  b i l -  
le ts  d e f i n e d  i n  t a b l e  VII. 
Core  bond coa t :  The basel ine  process   used  the  Monsanto SC1008 p h e n o l i c  r e s i n .  
The adhes ive  coa t  was a p p l i e d  t o  t h e  honeycomb and  face  shee t  by d ip  coa t ing .  
The d ip  so lu t ion  con ta ined  50% e t h y l  a l c o h o l .  The   excess   res in  was removed  by 
inve r t ing  the  a s sembly  " face  shee t  up" and allowing i t  t o  d r a i n  on absorbent  
towels   for   10   minutes .  The c o r e l f a c e  s h e e t  a s s e m b l y  was then   p laced  i n  an a i r  
c i r c u l a t i n g  oven  and  B-staged a t  120°F (322K) f o r  2 hours .  
Mix ing :  Phenol ic   microsphere  agglomerates  were removed u s i n g  a No. 30 g r i d  
s i e v e  a f t e r  which  the  f ines  were vacuum-dried 24 hours  a t  B O o  f 10°F  (356 f 5.5K).  
Sylgard  182 res in  and c a t a l y s t  w e r e  weighed  and  mixed. R e f r a s i l  g l a s s  f i b e r s  w e r e  
then weighed and mixed i n  a small p l a n e t a r y  m i x e r  w i t h  t h e  S y l g a r d  r e s i n  u n t i l  
s a t i s f a c t o r y  d i s p e r s i o n  was obta ined .  The  microspheres  were then  added  and  mixed 
45 minutes.  
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TABLE VI1.- BILLET FABRICATION DATA 

























i n . x i n . x i n .  
1 8 x 1 6 ~ 2  
1 8 x 1 6 ~ 2  
1 8 x 1 6 ~ 2  
1 6 x 1 2 ~ 2  
1 6 x 1 2 ~ 2  
1 6 x 1 2 ~ 2  
1 6 x 1 6 ~ 1  
1 6 x 1 6 ~ 1  
1 6 x 1 6 ~ 1  
1 6 x 1 2 ~ 2  
1 6 x 1 2 ~ 2  
1 6 x 1 2 ~ 2  
1 6 x 1 6 ~ 1  
1 6 x 1 6 ~ 1  
1 6 x 1 2 ~ 2  
1 6 x 6 ~ 2  
l O X l O X l  
l O X l O X l  
1 6 x 1 2 ~ 2  
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Density  control and panel uniformity: The p r o c e d u r e  u s e d  t o  c o n t r o l  b i l l e t  
d e n s i t i e s  w a s  t o  c a l c u l a t e  t h e  r e q u i r e d  amount of material based on mold volume 
and  the  des i r ed  pane l  dens i ty .  The mold t h i c k n e s s  vas i nc reased  by  0.5 i n c h  
(1.27 cm) t o  p r o v i d e  a head  o r  cush ion  of ablative material above  the  core  to  
m i n i m i z e  l o c a l i z e d  s u r f a c e  d i s t o r t i o n  a n d  damage to  core  bonds  and  w a l l s .  The 
core  and  face  shee t  assembly  w a s  we ighed  and  sub t r ac t ed  f rom the  to t a l  pane l  
w e i g h t  t o  g i v e  t h e  a b l a t i v e  material weight .  A t h i n  s h e e t  of p l a s t i c  f i l m  was 
p laced  over  the core and a p ic tu re  f r ame  p laced  ove r  t h i s  a s sembly .  Then 40% of 
t h e  t o t a l  a b l a t i v e  w e i g h t  w a s  p l a c e d  i n  t h e  f r a m e  a n d  s p r e a d  e v e n l y  o v e r  the 
panel .  The f i l m  w a s  removed, r e l a s i n g   t h e   m i x t u r e   i n t o   t h e   c o r e .  The material 
w a s  p r e s s e d  i n t o  t h e  c o r e  by  hand. The process  was r epea ted  us ing  20% of  the  
t o t a l  a b l a t i v e  w e i g h t .  T h i s  r e p r e s e n t e d  a b o u t  a l l  o f  t he  material tha t  cou ld  be  
pressed  by  hand in to  the  core .  The  two s t e p s  were found necessary  to  prevent  
c r o s s  movements o f  t h e  a b l a t i v e  material when pressing by hand.  The remaining 
40% was loaded  in to  the  p i c tu re  f r ame  and  sp read  even ly  and  the  a s sembly  vacuum 
bagged  and  evacuated.  This  remaining material was then  impac ted  in to  the  co re  to  
a f i n a l  h e a d  h e i g h t  of 0.5 inch (1.27 cm) above the core.  
A t h i r d  s t e p  w a s  added t o  v e r i f y  p a n e l  u n i f o r m i t y  by p lac ing  the  packed  panel  
i n  an au toc lave   and   s lowly   p re s su r i z ing   t o   50   p s i   (344 .5  kN/m2). I f  any cells 
were n o t  c o m p l e t e l y  f i l l e d ,  t h e  m a t e r i a l  w o u l d  move i n t o  t h e s e  areas l e a v i n g  a 
d e p r e s s i o n  i n  t h e  e x c e s s  material placed on top   of   the   pane ls .  When t h i s  o c c u r r e d ,  
the  bag  w a s  opened and the material smoothed  out  and  the  opera t ion  repea ted .  
Material cure: The assembly was cured a t  250 f 10°F (394 f. 5.5K) f o r  16 ? 
0.5 hours under vacuum bag  p res su re .  
Material  Billets 
Bi l le t  s i z e  a n d  f a b r i c a t i o n  w a s  planned so  a l l  specimens of a g iven  type  for  
a g iven  defec t  could  be  cu t  f rom a s i n g l e  b i l l e t .  I n  t o t a l ,  2 1  m a t e r i a l  b i l l e t s  
were f a b r i c a t e d ,  r a n g i n g  f r o m  1 8 x 1 6 ~ 2  i n c h e s  ( 4 5 . 8 ~ 4 0  - 6 ~ 5 . 1  CUI) t o  l o x l o x ~  i n c h e s  
( 2 5 . 4 ~ 2 5 . 4 ~ 2 . 5 4  cm). 
Table V I 1  i d e n t i f i e s  t h e s e  b i l l e t s ,  t h e i r  s i z e ,  t h e  d e f e c t s  c o n t a i n e d ,  a n d  
t h e  i d e n t i f i c a t i o n  o f  s p e c i m e n s  c u t  f r o m  e a c h  b i l l e t .  The fol lowing  number- le t ter  
coding  system w a s  used t o  i d e n t i f y  s p e c i m e n s  a n d  t h e i r  i n c l u d e d  d e f e c t s .  The 
f i r s t  d i g i t  o r  d i g i t s  d e s i g n a t e d  t h e  m a t e r i a l  b i l l e t  f r o m  w h i c h  t h e  s p e c i m e n  w a s  
ob ta ined .  A let ter w a s  t h e n  u s e d  t o  i d e n t i f y  t h e  d e f e c t  s i m u l a t e d :  
D - Dens i ty  (bu lk )  va r i a t ions ;  
B - Bond c o a t ;  
V - Voids; 
H - Honeycomb ce l l  s i z e ;  
C - Cure  cyc le  va r i a t ion ;  
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F - Fibe r s  omi t t ed ;  
S - Standard  wi th  uni form dens i ty .  
The r e m a i n i n g  d i g i t s  t h e n  i d e n t i f i e d  t h e  i n d i v i d u a l  test specimens within each of 
the   above   defec t   ca tegor ies   s tud ied .   Accord ingly ,   dens i ty   spec imens  were num- 
be red  10D-1 t o  10D-6 ,   l lD-7  t o  l lD-12 ,   12D-13 t o  12D-18 f o r  t h e  18 specimens 
t e s t e d  t o  e v a l u a t e  t h e  i m p a c t  of bu lk  dens i ty  change  on t h e r m a l  i n s u l a t i o n .  
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Honeycomb core s i z e  b i l l e t . -  The e f f e c t  o f  honeycomb c o r e  s i z e  on cha r  r e t en -  
t i o n  was simulated by removing segments of c o r e  r i b b o n s  f r o m  b i l l e t  1 5  as shown 
i n  f i g u r e  23. I n  t h i s  way, c e l l  s i z e  w a s  enlarged  from  0.375  inch  (0.952 cm) t o  
0.75  inch  (1.9 cm) and  1.125  inch  (2.85 cm). 
Cure cycle  var ia t ion bi l le ts . -  Billets 16 and 17 were cured  accord ing  to  the 
cu re  cyc le  desc r ibed  he re .  The p a r t  was  e n c a p s u l a t e d  i n  a vacuum bag a t  24 inches 
of Hg (81  k.N/m2) and the oven controls  were set  t o  o p e r a t e  t h e  o v e n  a t  160°F (344K) 
f o r  16 hours .  The p a r t  w a s  h e l d  a t  the reduced  pressure  level for  one  hour  af ter  
t h e  oven temperature had reached its o p e r a t i n g  level. The p r e s s u r e  w i t h i n  t h e  
molding chamber w a s  t hen  a l lowed  to  r e tu rn  to  a tmosphe r i c  p re s su re  fo r  t he  r ema in -  
der  of  the  cure  cyc le .  
The b i l l e t s  w e r e  then  pos tcured  a t  212'F  (373K) f o r  e i g h t  h o u r s .  Upon  com- 
p l e t i o n  of t h e  c u r e  c y c l e ,  the panels  were a l lowed to  cool  to  approximate ly  100°F 
(311K) pr ior   to   removal   f rom  the   oven .  A t  the   comple t ion   of   cure ,   the  mold as- 
sembly w a s  opened and the material above the honeycomb w a s  found to  have  de lami-  
na ted  a t  t h e  c o r e  i n t e r f a c e ,  as shown i n  f i g u r e  2 4 .  This   delaminat ion  could  have 
occurred a t  t h e  time vacuum w a s  removed  and w a s  n o t  c o n s i d e r e d  s u f f i c i e n t  c a u s e  
f o r  p a n e l  r e j e c t i o n .  
Bi l le t s  with fibers omitted.- F i b e r s  were removed f rom the  fo rmula t ion  fo r  
t h e  l a y u p  o f  b i l l e t  18. Thus  the  formulation  became: 
1) Sylgard  182  res in ,  2 3 . 7 %  (by  weight);  
2)  Sylgard  182  curing  agent,   2.3%; 
3) Phenol ic   microspheres  , 74.0%. 
Standa rd  b i l l e t  with uniform density.- B i l l e t  1 9  w a s  prepared without  a f a c e  
s h e e t a n d  t h e  a b l a t i v e  material w a s  l oaded  in to  the  co re  f rom bo th  s ides .  Th i s  
w a s  accomplished by f i r s t  l o a d i n g  as be fo re ,  i nc lud ing  bagg ing  and  v ib ra t ing  the  
assembly.   However ,   the   ablat ive  mater ia l  w a s  n o t  f u l l y  compacted  from t h i s  s i d e .  
I n s t e a d  i t  was compacted t o  a depth  above  the  core of 0.75  inch (1.9 cm) and  then 
the  excess  material was c a r e f u l l y  removed i n t o  a c o n t a i n e r  a n d  t h e  b i l l e t  w a s  
i nve r t ed .  Th i s  w a s  done  by  sandwiching i t  between two  mold p l a t e s  a n d  r o t a t i n g  
the  assembly 180'. The o r i g i n a l  mold base  w a s  then removed  and t h e  a b l a t i v e  ma- 
terial  r e sp read  ove r  the or ig ina l  bo t tom sur face .  This  procedure  produced  a uni- 
fo rm dens i ty  th rough  the  b i l l e t  as shown i n  f i g u r e  25. 
Bi l le t s  20 and 21 were prepared  for  tens i le  spec imens  wi th  and  wi thout  honey-  
comb core .  
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Figure 23.- Large Honeycomb 
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Test specimens of each  de fec t  s tud ied  were obtained from a s i n g l e  b i l l e t .  
T h e s e  b i l l e t s  were s i zed  acco rd ing  to  the  number of specimens required for each 
de fec t  s tud ied .  Th i s  approach  no t  on ly  conse rved  f ab r i ca t ion  time, b u t  a l s o  mi- 
nimized data  scatter d u e  t o  s l i g h t  v a r i a t i o n s  i n  d e n s i t y ,  c u r e ,  and p rocess  
v a r i a b l e s .  
Plasma arc splash specimens.- Data fo r  i nd iv idua l  spec imens  are t a b u l a t e d  
i n  t a b l e  V I .  The screening tests i n d i c a t e d  s i d e  h e a t i n g  t o  b e  a major problem 
with specimen diameters of 4.0 inches (10.15 cm) a t  the proposed condi t ions and 
tes t  times. As a r e s u l t ,  s e v e r a l  model  diameters were t e s t e d  d u r i n g  t h i s  p h a s e  
and  the  dec is ion  to  tes t  5.0-inch (12.7 cm) diameter models t7as made based  on  s ide  
hea t ing  cons ide ra t ions .  I t  was a l s o  l e a r n e d  d u r i n g  t h e s e  e a r l y  tests t h a t  t h e r -  
mal  chemica l  recess ion  of  the  char  t7as n o t  a problem, even a t  a h e a t i n g  rate of 
60 Btu/f t2-s  (0 .68 EIW/m2) . Hence t h e  s e l e c t i o n  of a recession-compatible  material 
t o  u s e  for  wrapping specimen edges was not: a f ac to r .  The  use  of  two l a y e r s  of 
r e s in - soaked  g l a s s  c lo th  No. 1 8 1  p r o v i d e d  a d e q u a t e  f i l l e r  s u p p o r t  a t  specimen 
edges.  The specimen design shovn i n  f i g u r e  26 r e s u l t e d  f r o m  t h e s e  d e s i g n  s t u d i e s .  
The MG-36 a b l a t i v e  material specimens were m a c h i n e d  f r o m  l a r g e  b i l l e t s  i n  t h e  
form  of  5.0-inch (10.15-m) diameter,   2.0-inch (5.08-cm) t h i c k  f l a t - f a c e d  c y l i n -  
ders.  The specimens were ins t rumen ted  wi th  the rmocoup les  to  mon i to r  t he  in t e r -  
nal  temperature .  Thermocouple  wire was 30-gage  chromel-alumel  and was covered 
w i t h  d o u b l e - h o l e  a l u m i n a  t u b i n g  t o  e l e c t r i c a l l y  i n s u l a t e  t h e  t h e r m o c o u p l e  l e a d s  
from t h e  a b l a t i v e  material cha r  l aye r .  Al alumina  tub ing  junc t ions  were covered 
wi th  At.203 paste. Thermocouples were r u n  o u t  p a r a l l e l  t o  t h e  h e a t e d  s u r f a c e  t o  
minimize the conduction error.  The thermocouples were ins ta l led  by  machin ing  
s l o t s  i n  t h e  s p e c i m e n  s i d e s  1 . 0 - i n c h  (2.54-cm) deep by 0.25-inch (0.635-cm) wide 
from the  back  sur face  to  the  des i red  thermocouple  depth .  The  p lacement  pa t te rn  
v7as i n  60" in te rva ls  a round the  spec imen center .  F igure  22  shows t h e  i n s t a l l a -  
t i o n  of thermocouples i n  specimen 2V-18. 
A c u t  i n  t h e  f a c e  s h e e t  was made t o  i s o l a t e  t h e  c e n t e r  3 . 0 - i n c h  (7.62-cm) . in- 
s t rumented  core  f rom such  edge  e f fec ts  as c o n t a c t  w i t h  t h e  b a s e  h o l d e r ,  e t c .  A 
thermocouple t7as a t t a c h e d  t o  a c o p p e r  d i s c  t h a t  vas bonded to  the  spec imen  back  
sur face  to  obta in  an  average  tempera ture  measurement .  This  d i sc  was 0 .5  inch  
(1.27 cm) in  diameter  by 0.031-inch (0.079-cm) th ick  and  t7as bonded a t  t h e  cen- 
ter of t h e  face s h e e t .  A mount ing  r ing  of asbes tos  phenol ic  was bonded t o  t h e  
back surface of  each specimen.  An aluminum ho lde r  v7as m e c h a n i c a l l y  f a s t e n e d  t o  
the  mount ing  r ing  for  pos i t ion ing  the  spec imen on t h e  i n s e r t e r  arm. S ix ty -e igh t  
specimens were tes ted ;   one  v7as damaged dur ing  f ab r i ca t ion .  na~en ty - th ree  spec i -  
mens contained four  thermocouples  each.  
Tensi l e  .- Tens i l e  test specimens were f a b r i c a t e d   t o   e v a l u a t e  several param- 
eters. Test specimens with honeycomb core  were f a b r i c a t e d  i n  a c c o r d a n c e  w i t h  
f i g u r e  27. Bi l le t  number  21,  which  had  no  core, sas machined as sho1-m i n  f i g -  
ure  28. 
B l a c k  a n d  w h i t e  o p t i c a l  t a r g e t s  were bonded onto each specimen for Optron 
t racking.  These were bonded  with Dot7 Corning 732 s i l i c o n e  t o  g i v e  a 2.0-inch 
(5.08-m) gage  length.  
61 
~ ""__I". .~ "" " . _ _ I _ " ~  "" 
f 
2.0 i n .  
(5.08 cm) 
62 Figure 26.- Plasma Arc Test Specimen Design 
f 
1.50 in .  
(3 .81  cm) 
7.0 .in. (17.75 cm) 
2.0 i n .   (5 .08   cm)d  A1 umi num tabs 
I 
Gage 1  eng t h  
- 1  bonded t o  
specimen 
F i g u r e  27.- T e n s i l e  Specimen, A b l a t o r  i n  Honeycomb 
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A- 
c 2 . 0  i n .  (5.08 cm) 
Gage l e n g t h  
F igu re  28 . -  Tens i l e  Specimen, A b l a t o r  
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Ablative panels.- Two 8x16x2-inch (20.3~40.6~5.08-cm) f l a t  p a n e l s  were fab- 
r i c a t e d  t o  e v a l u a t e  t h e  e f f e c t  o f  several environments.  One p a n e l  h a d  b u i l t - i n  
d e f e c t s  as shown i n  f i g u r e  29. The second  pane l   se rved  as a c o n t r o l .  Each panel  
conta ined   four   a t tachment   po in ts   loca ted   near   the   comers .   At tachment   s tud   d i -  
ameter was 0.25 inch (0.635 cm) and access w a s  through removable  ablator  plugs 
t h a t  were 0.75 inch (1.91 cm) i n  d i a m e t e r .  
Thermocouples were i n s t a l l e d  on t h e  f r o n t  a n d  b a c k  s u r f a c e  f o r  t h e  h o t  a n d  
co ld   soak   exposure   t es t ing .   F igure  30  shows the   loca t ions   o f   these   thermocouples .  
The a b l a t i v e  test  required reinstrumentat ion with 30-gage chromel-alumel  
thermocouples  located & and 1 inch (0.635 and 2.54 cm) f rom the  f ron t  f ace  and  
a t  the  back  face.   Thermocouple  locations are shown i n  f i g u r e  31. 
TEST APPARATUS AND PROCEDURES 
Three basic tests were s e l e c t e d  t o  e v a l u a t e  t h e  MG-36 a b l a t i v e  material's 
performance under  expected Space Shut t le  environmental  condi t ions during reentry.  
These tests -- plasma arc a b l a t i o n  P e r f o r m a n c e ,  t e n s i l e  p r o p e r t y ,  and l a r g e  p a n e l  
environmental  response -- were i n t e n d e d  t o  p r o v i d e  q u a n t i t a t i v e  d a t a  on the  ab la -  
t i v e  l a y e r s '  i n s u l a t i o n  p r o p e r t i e s ,  c h a r  l a y e r  i n t e g r i t y ,  u l t i m a t e  s t r a i n ,  elas- 
t i c  modulus ,  and  the  overa l l  thermal /mechanica l  per formance  of  the  ab la t ive  layer ,  
t he  g l a s s  f ace  shee t s ,  and  the  a t t achmen t  po in t s .  
Plasma  Arc Tests (Ablation Performance Tests) 
Facil i ty description.-  T e s t i n g  w a s  conducted i n   t h e  l-megawatt Plasma Arc 
f a c i l i t y  test chamber u t i l i z i n g  a n  F-5000 Thermal Dynamic arc hea te r  and  a 6 -  
inch  (15.25-cm) d iameter   supersonic   nozz le .  The f u l l  f a c i l i t y  o p e r a t i n g  c a p a b i l -  
i t i e s  a r e  d e f i n e d  i n  SR-1631-71-8.* This  test f a c i l i t y  s i m u l a t e s  h y p e r v e l o c i t y  
h e a t i n g  d u r i n g  r e e n t r y  by f lowing a compressed gas  mixture  s imulat ing a i r  
through  an e lec t r ic  d ischarge .  The gas  undergoes a l a rge   t he rma l   ene rgy   i nc rease  
and is then expanded through a s u p e r s o n i c  n o z z l e  t o  a Mach number of approxi- 
mately 3. A l l  ab la t ion   per formance  tests d u r i n g  t h e s e  i n v e s t i g a t i o n s  were per- 
formed by exposing material specimens t o  th i s  thermal  envi ronment .  
Test conditions and procedure.- The se l ec t ion  o f  p l a sma  arc  test c o n d i t i o n s  
f o r  t h e s e  s t u d i e s  w a s  based on a Mark I high-crossrange 1500-nautical-mile Delta 
wing   o rb i t e r .+  A p l o t   o f   t r a j e c t o r y   p a r a m e t e r s  is  shown i n  f i g u r e  32.  Heating 
ra te  va lues  are f o r  a l - f o o t  n o s e  r a d i u s  a n d  t h e  t o t a l  h e a t  t o  t h e  s t a g n a t i o n  
* 
Schmidt, G. J .  : Plasma Arc Laboratory.  SR-1631-71-8, July  1971. 
'Andresen, T .  L. : Phase B Thermal  Envi ronment  Predic t ions  for  the  F ixed  
Wing, t h e  Mark I Del ta ,   and   the   Composi te   Orbi te rs .  McDonnell-Douglas Astro- 
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Figure 30.- Large Test Panels, Thermal  Vacuum Test Instrumentation 
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F igure 32.- High  Crossrange  Mark I Del ta  Orb i te r ,  Nomina l  Ent ry  Tra jec to ry  
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p o i n t  f o r  t h i s  t r a j e c t o r y  i s  approximately 9 5  000 B t u / f t 2  (1078 MJ/m2) f o r  a 
nomina l   en t ry   ang le  of   22.5 ' .   Based  on  these  t ra jectory  values ,  two tes t  con- 
d i t i o n s  were s e l e c t e d  that  are r e p r e s e n t a t i v e  o f  h e a t i n g  a l o n g  t h e  b o t t o m  f o r -  
ward (X/L = 0.10) c e n t e r l i n e  a n d  s h o u l d e r  areas of the S p a c e  S h u t t l e  o r b i t e r .  
The  two test streams c a l i b r a t e d  h a d  e n t h a l p i e s  o f  3800 Btu/lb (8.846 MJ/kg) 
and 6000 Btu/lb (14.9 MJ/kg) a t  s t agna t ion  p res su res  o f  0.0055 atmospheres 
(55.7 N/m2) and 0.0088 atmospheres (89.2 N/m2)  . Measured heating rates of  23 
Btu / f t2-s  (0 .261  MW/m2) and 55 Btu/f t2-s  (0 .625 MW/m2) were determined using a 
Thennogage Asymptotic Calorimeter mounted i n  a water-cooled copper  holder  with 
t h e  same s i z e  and shape as t h e  test  spec imens  to  prec lude  s ize  and  shape  cor -  
rec t ion  fac tors .  These  measurements  were d e t e r m i n e d  a f t e r  t h e  arc  j e t  had  been 
r u n  f o r  a s u f f i c i e n t  t i m e  t o  s t a b i l i z e  and several runs were made t o  d e t e r m i n e  
r e p e a t a b i l i t y  f r o m  o n e  o p e r a t i o n  t o  t h e  n e x t .  The c a l i b r a t i o n  body  contained 
fou r  sens ing  e l emen t s  l oca t ed  va r ious  d i s t ances  f rom the  mode l  cen te r l ine  to  p ro -  
v i d e  r a d i a l  d i s t r i b u t i o n  o v e r  t h e  s p e c i m e n  f a c e .  T h e  l o c a t i o n  o f  t h e s e  e l e m e n t s  
and  the  measurements made are shown i n  f i g u r e  33 and t a b l e  V I .  Tes t  p o i n t  s ta -  
b i l i t y  was checked  by  tak ing  ca lor imeter  measurements  before  and  af te r  each  test 
series.  The t o t a l  e n t h a l p y  was determined  from a h e a t  b a l a n c e  t e s t  performed on 
the  arc   heater-plenum-nozzle   system.  The  pressure a t  t he   mode l ' s   s t anga t ion  
p o i n t  ( s t a t i c  and  dynamic) w a s  m e a s u r e d  w i t h  t h e  f a c i l i t y  p i t o t  p r o b e  and su rveys  
a c r o s s  t h e  tes t  stream w e r e  made and  recorded  for   each t e s t  cond i t ion .  Nominal 
va lues  of  t hese  t e s t  parameters were r e p e a t a b l e  w i t h i n  + 5 % .  
Many of t h e  d e f e c t s  were expec ted  to  have  a m i n o r  e f f e c t  on t h e  i n s u l a t i o n  
performance of t h e  material ,  and subt le  specimen d! . f ferences and or  test  p o i n t  
f l u c t u a t i o n s  were expec ted   t o  mask t h e   e f f e c t   o f   t h e   i n c o r p o r a t e d   d e f e c t s .  B e -  
c ause   o f   t h i s   conce rn ,   t he   fo l lowing  t e s t  r a t i o n a l e  was adopted.   Since a t  the  
low hea t ing  cond i t ion ,  i t  w a s  assumed t h a t  t h e  tes t  p o i n t  w a s  " cons t an t , "  a l l  
t h ree  r ep l i cas  o f  each  material v a r i a t i o n  were run  in  consecu t ive  o rde r .*  Th i s  
a l l o w e d  t h e  d a t a  s c a t t e r  due t o  p o t e n t i a l  spec imen d i f fe rences  to be determined.  
A t  t he  h igh  t e s t  po in t ,  t he  spec imens  were assumed "constant"  and the data  scat-  
ter due t o  p o t e n t i a l  t e s t  cond i t ion  va r i a t ions  be tween  to rch  ope ra t ions  was eva l -  
ua ted  by mixing the specimens of  each defect  group,  i .e .  , specimens 4B-5 , 5B-10, 
and 6B-18 were run i n  consecu t ive  o rde r .  
Tens i 1 e T e s t s  
T e n s i l e  tests were per formed to  eva lua te  s t rength ,  e longat ion ,  and  modulus  
a t  t h ree   t empera tu res .  The equipment  and test  cond i t ions  were: 
1)  Test machine - I n s t r o n   u n i v e r s a l   t e s t i n g   m a c h i n e ;  
2) T e s t  speed - 0.1 in./minute  (0.254  cm/min); 
* 
S i n c e  t h e  f a c i l i t y  h a s  t h r e e  p o s i t i o n i n g  arms , three specimens can be 
t e s t ed ,  one  a f t e r  t he  o the r ,  du r ing  one  to rch  ope ra t ion .  
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Figure 33.- Steady-State Calorimeter 
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3) Tempera ture   condi t ion ing  - Custom Scien t i f ic   envi ronmenta l   chamber ,  
a )  Hot f 300'F (422K) - Condit ioning box  on I n s t r o n  w i t h  
e lectr ical  heaters , 
b)  Cold - 150'F  (172K) - Condit ioning box on I n s t r o n  w i t h  
l i q u i d  N2 cool ing;  
4) Temperature sensor - thermocouple; 
5)  Extensometer - Optron  opt ica l  ex tensometer  v iewing  through window 
of c o n d i t i o n i n g  box; 
6 )  S t r e s s - s t r a i n  r e c o r d i n g  - I n s t r o n  h e a d  travel and  Optron  output 
recorded on XY r e c o r d e r .  
F igure  34 shows t h e  test se tup .  Soak  time w a s  10 m i n u t e s  a f t e r  r e a c h i n g  t h e  test 
temperature.   Elongation  measurements were made w i t h i n  a 2- inch-gage sect ion us-  
i n g  t h e  O p t r o n  o p t i c a l  s y s t e m .  T e s t  temperatures  were -150°F  (172K), 75'F (297K), 
and 300°F (422K). A to le rance   o f   k10"F (5.6K) w a s  allowed. The test chamber 
w a s  p u r g e d  w i t h  d r y  g a s  ( n i t r o g e n  o r  a i r )  a t  t h e  -150°F (172K) temperature  con- 
d i   t i o n s  . 
Large Panel Tests 
Two l a r g e  a b l a t i v e  p a n e l s  were t e s t e d  t o  e v a l u a t e  t h e  o v e r a l l  TPS response 
t o  a sequence of Space  Shut t le  envi ronments .  The f o l l o w i n g  d e f e c t s  were inc luded  
i n  one of t h e  p a n e l s  t o  o b t a i n  a relative performance evaluat ion:  
1) Fi l l e r   and   co re - to - f ace   shee t   bond ing ;  
2)   Attachment   s t rength as a f f e c t e d  by loca l   core   unbonds   and   face   shee t  
de lamina t ions  ; 
3 )  Simul taneous   eva lua t ion  of dens i ty ,   core   bond  coa t ing ,   c rushed   and  
unde rcu t  co re ,  metal i n c l u s i o n s ,  c u r e  h a r d n e s s  , and f i b e r  b u n d l e s .  
These panels  were exposed  to  the  fo l lowing  envi ronments :  
1) Acoust ic ;  
2)  Hot soak under vacuum; 
3 )  Cold soak  under vacuum; 




Figure 34.- Ten! ; i l e  Test Setup with Optron Optical Extensometer 
These environmental  exposures thus provided a b a s i c .  o v e r a l l  e v a l u a t i o n  o f  t h e  
MG-36 a b l a t o r ' s  a b i l i t y  t o  s u r v i v e  t h e  h o s t i l e  e n v i r o n m e n t s  o f  l a u n c h  n o i s e ,  o r -  
b i t   t e m p e r a t u r e s   a n d  vacuum, a n d   r e e n t r y   h e a t i n g .   I n   a d d i t i o n ,   t h e  tests provided 
a relative comparison of t h e  e f f e c t  o f  d e f e c t s  on t h e  a b l a t i v e  l a y e r s '  p e r f o r -  
man ce. 
Acoust ic test .-  A c o u s t i c  v i b r a t i o n  tests were c o n d u c t e d  t o  s i m u l a t e  l i f t o f f  
a n d  t r a n s o n i c  f l i g h t .  Tests were performed using a s i r e n  powered  by  two A l l i s o n  
je t  engines .  The acous t i c  spec t rum w a s  c a l i b r a t e d  u s i n g  a pine block dummy 
pane l .  Four  d i f f e ren t  impe l l e r  speeds  were used  to  s imula t e  the  spec t rum tha t  
would be encountered a t  b o o s t e r  l i f t o f f  ( f i g .  3 5 ) .  
The 8x16x2-inch (20.3~40.6~5.08-cm) ablative panel was mounted on an  8x16~1-  
inch  (20.3~40.6~2.54-cm) aluminum p l a t e  t h a t  was e s s e n t i a l l y  r i g i d .  T h i s  was 
suspended on e las t ic  c o r d  i n  f r o n t  o f  t h e  h o r n  w i t h  t h e  a b l a t i v e  p a n e l  f a c i n g  
in to   t he   ho rn   ( f ig .   36 ) .  The e n e r g y  l e v e l  w a s  changed by a d j u s t i n g  t h e  p r e s s u r e  
to  g ive '  t he  fo l lowing  cond i t ions .  
O v e r a l l  
n o i s e   l e v e l  , Durat ion,  
db S 
B o o s t e r  l i f t o f f  
50 15 9 T r a n s o n i c  f l i g h t  
15 156 
- ~~ 
Both panels were t e s t ed  s imul t aneous ly  to  these  env i ronmen t s .  
Hot vacuum test_.- The test panel and a con t ro l  pane l  were simultaneously sub- 
jected t o  vacuum and heat .  Both panels  were mounted  on a 0.5-inch (1.27-cm) 
aluminum plate.   Thermocouples were i n s t a l l e d  a s  shown i n  f i g u r e  30. 
The purpose of  the hot  vacuum c o n d i t i o n  w a s  t o  o b t a i n  a p recu r so ry  eva lua t ion  
of material o f f g a s s i n g  c h a r a c t e r i s t i c s  a n d  a g i n g  e f f e c t s  d u r i n g  o r b i t  e x p o s u r e  
and  to  the rma l ly  s t r a in  the  ab la t ive - to - f ace  shee t  bond l ine .  
A 4-f t  (1.2-m) diameter  x 8-f t  (2.4-m)  vacuum chamber was used. Vacuum w a s  
maintained by a combination of pumps. A mechanical roughing pump wi th  a r o t o r  
lobe  blower w a s  u s e d  t o  t h e  20- t o  50-micron  range. Cryopumping r educed  th i s  
vacuum t o  1 x t o r r   ( 1 . 3  x N/m2) where  an ion pump could  be turned  on. 
Opera t ing  pressure  w a s  a t t a i n e d  u s i n g  t h e  i o n  pump, w i t h  a n  a d d i t i o n a l  pumping 
capaci ty  f rom a t i t an ium f i l amen t  sub l ima to r .  P re s su re  w a s  measured with a h o t  
ca thode  ion iza t ion  tube .  
A q u a r t z  lamp w a s  employed t o  h e a t  t h e  p a n e l s  on t h e  f r o n t  f a c e  t o  i n d u c e  
t h e r m a l  s t r a i n s  i n  t h e  a b l a t o r  a n d  a t  the   a t tachments .  One thermocouple w a s  used 
t o  c o n t r o l  t h e  f r o n t  f a c e  t e m p e r a t u r e  a t  300°F  (422K). A shroud  surrounding  the 
pane ls  w a s  maintained a t  -40°F (233K) wi th  a heat exchanger system. A low shroud 
temperature  w a s  d e s i r e d  t o  r e d u c e  t h e  l o a d  on t h e  pumping system caused by back- 













Frequency, CPS ( H Z )  
F i g y r e  35.- Sound Spectrum Used in Acoustic Tests 
F igu re  36. - Acous t i c  Tes t  Se tup  w i th  Ab la t i ve  Panel Mounted 
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Cold vacuum test .-  The purpose  o f  t he  co ld  vacuum test w a s  t o  s t ra in  t h e  
a b l a t i v e  f i l l e r  bond t o  t h e  honeycomb c o r e  a n d  t h e  a b l a t i v e  l a y e r  b o n d  t o  t h e  
face s h e e t .  T h i s  was accompl ished  us ing  the  same test se tup  and  fo l lowed  the  ho t  
vacuum t e s t i n g  ( f i g .  37) . 
The s h r o u d  i n s i d e  t h e  vacuum chamber was cooled w i t h  l i q u i d  n i t r o g e n  t o  a 
temperature  of  -320'F. (78K). I n f r a r e d  h e a t e r s  were used  on  both  s ides  of t h e  
samples to  main ta in  the  sample  tempera ture  a t  -150°F (172K) and  the  test  d u r a t i o n  
w a s  f o r  48 consecut ive hours .  
Ablat ion test.- Reen t ry  hea t ing  was s i m u l a t e d  i n  t h e  M a r t i n  Marietta Plasma 
Arc f a c i l i t y  u t i l i z i n g  a 10.0-inch (25.4-cm) d i ame te r  nozz le  wi th  the  pane l  po- 
s i t i o n e d  a t  a 20" a n g l e  t o  t h e  test stream. The p a n e l  w a s  r i g i d l y  a t t a c h e d  t o  
the  model  ho lder  a t  the  fou r  a t t achmen t  po in t s .  Th i s  ho lde r  was designed with 
a water-cooled  leading  edge  machined  to  a 1.25-inch  (3.18-an)  radius. The b l u n t -  
i n g  of t he  l ead ing  edge  w a s  found to  enhance  f low uni formi ty  and  improve  hea t ing  
d i s t r i b u t i o n  as shown i n  f i g u r e  38.  This test c o n d i t i o n  was c a l i b r a t e d  u s i n g  a 
th in  sk in  ca lo r ime te r  body  made of 0.063-inch (0.16-cm) I n c o n e l  X-750 s h e e t .  
Heat ing rates were ca lcu la ted  f rom the  response  of  thermocouples  tha t  were spot -  
w e l d e d  t o  t h e  I n c o n e l  s k i n  u s i n g  t h e  b a s i c  c a l o r i m e t e r  e q u a t i o n  
* -  dT 
qcw - cp d-r 
where 
%w, co ld  wall  h e a t  f l u x ,  B t u / f t 2 - s  o r  W / m 2 ,  
t ,  s h e l l  t h i c k n e s s ,  f t  o r  m, 
p ,  d e n s i t y  of c a l o r i m e t e r  material, lb/ft3 or kg/m3, 
C , metal spec i f ic  hea t ,  Btu / lb-OF or  J /kg-K,  
d-r ' dT rise rate of   back   sur face   t empera ture ,  OF/s o r  K / s .  
P 
The maximum skin  tempera ture  w a s  l imi t ed  to  800°F  (700K) s o  r a d i a t i o n  l o s s e s ,  well 
below 1.0 B tu / f t2 - s   (11 .3  kW/m2), could  be  neglected.   Values  of p and C were ob- 
ta ined   f rom ASD-TDR-63-741. * . P  
TEST RESULTS AND DISCUSSION 
Data obtained from 68 plasma arc splash specimens , 95 t e n s i l e  coupons , and 
two l a r g e  a b l a t i v e  p a n e l s  t e s t e d  d u r i n g  T a s k  I11 are presented .  
* 
Aerospace   S t ruc tu ra l  Materials Handbook. ASD-TDR-63-741, Vol 2 i n c l u d i n g  
supplement of March 1965, Air Force Materials Laboratory,  Wright-Patterson A i r  
Force Base, Ohio. 
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Figure 37.- Temperature Condi t i  oni ng Setup a f t e r  Cold Cycle 
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F i g u r e  38.- Exper imenta l   Heat ing  Dis t r ibut ion  Over   Cy l inder-Wedge 
Thermal  Performance  Data  (Splash  Specimens) 
Table VI1 summar izes  the  f ab r i ca t ion  da ta ,  i nc lud ing  "material d e f e c t s , "  
g e o m e t r y ,  a n d  d e n s i t y  f o r  t h e  s p e c i m e n s  u s e d  i n  t h i s  i n v e s t i g a t i o n  as w e l l  as 
nominal test condi t ions .  Actua l  test va lues  of  co ld  w a l l  h e a t i n g  rates, en tha lpy ,  
and  pressure  are summarized i n   t a b l e  VIII. 
Table I X  summar izes  the  per t inent  test d a t a  ' i n c l u d i n g  s t a g n a t i o n  t o t a l  h e a t ,  
weight  loss ,  l ength  change ,  unchar red  depth ,  and  back  sur face  tempera tures .  
Peak back surface temperature.- The r e s u l t s  o f  a l l  spec imens  conta in ing  the 
f a b r i c a t i o n  v a r i a n c e s  p r e v i o u s l y  d e s c r i b e d  are shown i n  f i g u r e s  39 through 44. 
S i n c e  t h r e e  r e p l i c a s  were t e s t e d  a t  each tes t  po in t ,  r e su l t s  have  been  ave raged  
and  da ta  va lues  Fsve been connected by a s t r a i g h t  l i n e  t o  a i d  i n  i n t e r p r e t i n g  
r e s u l t s .  The e f f e c t  on r e s u l t s  o f  i n i t i a l  t e m p e r a t u r e  a n d  h e a t i n g  rate v a r i a t i o n s  
has  been minimized by plot t ing temperature  rise v e r s u s  t o t a l  h e a t  i n p u t .  
Bond c o a t   e f f e c t :  Figure 39 shows the   r e su l t s   o f   co re   p recoa t ing .   These  re- 
s u l t s  i n d i c a t e  a s i g n i f i c a n t  t h e r m a l  d i f f e r e n c e  b e t w e e n  t h e  s i l i c o n e ,  t h e  p h e n o l i c ,  
and  the  uncoated  core   specimens.   These  differences,  20 t o  60°F (11 to  33K), are 
no t  exp la ined  by d a t a  scat ter  n o r  are bu lk  dens i ty  va r i a t ions  cons ide red  a f a c t o r  
s i n c e  d e n s i t y  was n e a r l y  c o n s t a n t  f o r  a l l  th ree   g roups .  One p o s s i b l e  e x p l a n a t i o n  
is t h a t  t h e  s i l i c o n e  c o n c e n t r a t i o n  n e a r  t h e  f a c e  s h e e t ,  i d e n t i f i e d  i n  MCR-71-14,* 
r e s u l t e d  i n  h i g h  c o n d u c t i v i t y  n e a r  t h e  f a c e  s h e e t .  The d i f f e rences  be tween  the  
phenol ic  and  the  uncoated  core  spec imens ,  whi le  small, c o u l d  b e  t h e  r e s u l t  o f  ef- 
f e c t i v e l y  i n c r e a s i n g  t h e  h i g h e r  c o n d u c t i v i t y  c o r e  c r o s s - s e c t i o n a l  area by  appl i -  
cat%on of the  phenol ic   bond  coat .  Most l i ke ly ,   however ,   t he   d i f f e rences  are ex- 
p la ined  by the  scat ter  i n  d a t a  a n d  a lower  ave rage  su r face  t empera tu re  fo r  t he  
uncoa ted  co re  spec imens  a s  i nd ica t ed  by  f igu re  45 .  
D e n s i t y  e f f e c t :  B u l k  d e n s i t y  e f f e c t s  are shown i n  f i g u r e  40 f o r  a d e n s i t y  
range   f rom  15 .0   lb / f t3  (240 kg/m3) to   17 .3   l b / f t3   (277   kg /m3) .   No te   t ha t  t e m -  
p e r a t u r e  rise i n c r e a s e s  w i t h  a d e c r e a s e  i n  d e n s i t y  (see a l s o  f i g .  4 6 ) .  The d a t a  
t h e r e f o r e  i n d i c a t e  t h a t  t h e  t h e r m a l  d i f f u s i v i t y  ( K / p C  ) parameter is c o n t r o l l i n g  
hea t  conduc t ion  fo r  t he  dens i ty  r ange  inves t iga t ed .  
P 
D e n s i t y  u n i f o r m i t y  e f f e c t s :  The e f f e c t  o f  a d e n s i t y  v a r i a t i o n  f r o m  f r o n t  
s u r f a c e  t o  b a c k  s u r f a c e  is p r e s e n t e d  i n  f i g u r e  41. Since both models  are approxi-  
m a t e l y  e q u a l  i n  b u l k  d e n s i t y ,  t h e  d i f f e r e n c e s  i n  d a t a  a v e r a g e s  c o u l d  b e  i n t e r -  
p r e t e d  as e v i d e n c e  t h a t  a "composi te"  ab la t ive  material wi th  h igh  dens i ty  and  
s t o r a g e  n e a r  t h e  s u r f a c e  a n d  low d e n s i t y  a n d  c o n d u c t i v i t y  n e a r  t h e  b a c k  s u r f a c e  
is thermally more e f f i c i e n t .  U n f o r t u n a t e l y ,  d a t a  scat ter  a t  b o t h  test c o n d i t i o n s  




TABLE VI I1 . -  PLASM4  ARC TEST INPUTS 
Sensc 
BtU/ft2-s 
22 .8  
22 .8  










22 .3  
22 .3  
50.7 
55.5 
23 .1  
54.5 




22 .8  
50.7 
2 2 . 8  






23 .6  
55.5 
55.0 
23 .5  
53.6 
















22 .1  
52 .4  
22.1 
22.1 
5 2 . 4  
50.7 
22 .1  
51.6 
22 .1  
22.1 
22 .1  
22.1 
22 .1  
21.4 
21.4 

















0 .630  
0.575 
0.618 
0 .262  
0.262 
0.262 




















0 .269  
0.630 
0.269 
0 .269  
0.575 
0.586 
0 . 2 5 1  
0 .595  
0 . 2 5 1  
0 .586  
0 .251  
0.575 
0.595 
0 . 2 5 1  
0 .251  




0 .251  
0 .251  
0 .251  
0.251 






Cold wall h 
I Sensc 







24 .1  
24 .1  
24 .1  
60 .0  
62 .4  
46.7 
26 .0  
2 6 . 0  
62 .4  
60 .0  
56.2 






24 .0  
24.0 
24 .0  






6 2 . 4  
59.0 
24.4 
55 .6  
24.4 
24.4 
58 .0  
58 .0  
59.0 
2 6 . 8  
2 6 . 8  
2 6 . 8  
60.2 
57.0 
63 .0  
25.0 
25 .0  
25.0 
6 0 . 2  
57.0 
63.0 
25 .5  
25.5 
25.5 
63 .0  
57.0 
60.2 
2 4 . 1  
24 .1  
2 4 . 1  
24 .3  
2 4 . 3  
24 .3  
24.6 
24.6 











0 .273  






0 .681  





0 .681  




0 .131  
0.708 
0 .670  
0.284 
0 .284  
0.284 
0.670 





0 .658  































:i ng r a t e s a  
Sensc 





24 .8  
24 .8  
24 .8  




2 5 . 5  
2 5 . 5  
2 5 . 1  
2 5 . 1  
25 .1  
25.6 
25.6 
25 .6  
2 5 . 1  
25 .1  
25 .1  
2 7 . 1  
27 .1  
27 .1  
24.2 
24.2 
2 4 . 2  
24.6 
24 .6  
24.6 
25 .3  
2 5 . 3  
25 .3  







M W / r n 2  
0.300 





0 .281  
0 .281  
0.480 












0 .285  
0.285 
0 .308  



























































































aSee f i g u r e  22 f o r  s e n s o r  l o c a t i o n s .  
Sensc 
t u / f t Z - s  
22.8 
22 .8  
22.8 
22 .1  
22 .1  
22 .1  
4 2 . 3  
21.1 
21 .1  
22.4 
2 2 . 4  











23 .0  










2 1 . 1  





















0 . 2 4 1  



















I.  250 
1.239 
1.239 


























































































8 .89  
14.70 
8 . 8 9  
14 .93  
14.27 
8 .50  
8.50 
14.27 
8 . 5 0  
14.93 
14.70 
8 . 3 3  
8 . 3 3  
14 .90  









8 .89  











8 .90  
8.90 
L5.00 
8 .90  
14.83 
L4.40 
9 .06  





8 . 6 8  
8 . 6 8  
8 .68  
9.05 
9 .05  
9.05 
8 .54  
8 .54  
8 .54  













































I ,  0086 
1. 0086 




1.  0086 
1.0086 
I .  0087 
1.  0054 
1.0054 
1.  0054 

































0 .533  
0 .851  






0 .891  
0 .871  
0.533 
0 .533  
0.533 













































































































TABLE 1X.- SUWARY OF PLASMA ARC TEST  DATA 




Back s u r f a  temperature ce 
T t -I Stagnat ion t o t a l   h e a t  











































































































































































































































































































































































































































































































































































































































































































































































15R-R I - 58-7  26  700 
26  700 
45  900 
50 000 
68-14  27  700 
68-15 27 700 
66-16 49 100 
68-17 50 000 
68-18 45 700 
100-1 27  300 
100-2 27 300 
100-3 27 300 
100-4 48 240 
100-6 49 950 
100-5 49 500 
110-7 28  300 
110-8 28  300 
110-9 28 300 
110-10 49 950 
11D-11 49 950 
110-12 48 240 
120-13 28  200 
120-14 28  200 
120-15 28 200 
120-16 46 440 
120-17 46 400 
120-18 49 950 
1V-1 28 400 
1V-2 28 400 
1V-3 28 400 
2V-10 46 440 
2V-12 46 800 
2V-11 47 160 
1V-4 26  500 
1V-5 26 500 
1V-6 26 500 
2V-13 46 440 
2V-14 45 360 
2V-15 47 100 
l i 5 ~ I i  lis 500 
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Voids: Figure  42 p r e s e n t s   t h e   r e s u l t s   o f   v o i d s   a n d   v o i d   l o c a t i o n .  These 
resul ts  i n d i c a t e  a s i g n i f i c a n t  b a c k  s u r f a c e  t e m p e r a t u r e  i n c r e a s e  w i t h  v o i d s  i n  
a l l  c e l l s .  T h i s  i n c r e a s e  is p a r t i a l l y  e x p l a i n e d  b y  the r e d u c t i o n  i n  s p e c i m e n  
thermal  mass (approximately 20%) i n d i c a t e d  i n  f i g u r e  4 7 ,  which  shows maximum 
temperature  rise versus   composi te   un i t   weight .  The f o l l o w i n g   e x p r e s s i o n  was used 
to   de t e rmine   t he   compos i t e   un i t   we igh t :   Compos i t e   un i t   we igh t  = ( p t )  a b l a t i v e  
+ ( p t )  honeycomb i n  v o i d  area. The d a t a  a l s o  i n d i c a t e  t h a t  v o i d  l o c a t i o n  a f f e c t s  
back  sur face  tempera ture ,  wi th  voids  near  the  back  sur face  producing  the  largest 
temperature  rise. Maximum back   sur face   t empera ture  rise is  p l o t t e d  a g a i n s t  v o i d  
d i s t a n c e  f r o m  t h e  b a c k  s u r f a c e  i n  f i g u r e  48 f o r  b o t h  test p o i n t s .  A d a t a  c o r -  
r e c t i o n  was made f o r  t o t a l  h e a t  e f f e c t s .  A t  t h e  low h e a t  f l u x ,  a below  nominal 
su r f ace  t empera tu re  was no ted  fo r  vo ids  cen te red  0 .75  inch  (1 .91  cm) f rom the  
b a c k   s u r f a c e .   T h i s   p o s s i b l y   e x p l a i n s   t h e   d i f f e r e n c e   i n   c u r v e   s h a p e .  
C o r e   S i z e   e f f e c t :  The e f f e c t  o f  c o r e  s i z e  on   back   sur face   t empera ture  is 
p resen ted   i n   f i gu re   43   and  i s  minimal .   The  minor   differences  noted a t  the  low 
h e a t i n g  p o i n t  are p r e d i c t a b l e  i n  t h a t  r e d u c i n g  t h e  amoung o f  h igh  conduc t iv i ty  
core  reduces  the  back  sur face  tempera ture .  
Cure e f f e c t :  The a l t e r e d   c u r e   c y c l e   r e s u l t s  are p l o t t e d   i n   f i g u r e  44. A 
20°F (11.1K)  lower  temperature i s  no ted  fo r  t he  a l t e r ed  cu re  spec imens  and  can  
be  expla ined  by  a s l i g h t l y  h i g h e r  b u l k  d e n s i t y  and lower t o t a l  h e a t  i n p u t .  
Thermal d i s t r i b u t i o n s . -  Tempera tu re  d i s t r ibu t ions  were determined a t  the end 
o f  hea t ing  fo r  spec imens  con ta in ing  honeycomb b o n d  c o a t i n g  v a r i a t i o n s ,  d e n s i t y  
u n i f o r m i t y   v a r i a t i o n s ,   a n d   v o i d   l o c a t i o n   v a r i a t i o n s .  The r e s u l t s  are shown i n  
f i g u r e s  49 and 51. Each  curve  presented was o b t a i n e d  b y  p l o t t i n g  t h e  i n d i v i d u a l  
specimen  temperatures a t  t h e i r   r e s p e c t i v e   l o c a t i o n s   b e l o w   t h e   s u r f a c e .   T h e s e  
l o c a t i o n s  were determined from pretest  specimen X-rays and are r e p o r t e d  i n  MCR- 
71-201.*  Then a smooth  curve was f i t t e d  t o  t h e  d a t a  t o  o b t a i n  a n  a v e r a g e  v a l u e  
f o r   t h e   t h r e e   s p e c i m e n s   t e s t e d  as i l l u s t r a t e d  i n  f i g u r e s  52 and 53. A comparison 
of t he  the rma l ,  d i s t r ibu t ion  be tween  test c o n d i t i o n s  w a s  o b t a i n e d  b y  p l o t t i n g  t h e  
resu l t s   f rom  spec imens  are shown i n  4B-1, 4B-2, and 4B-3 i n  f i g u r e  5 4 .  I t  was 
noted  tha t  pro jec t ion  of  thermocouple  tempera tures  to  the  sur face  were i n  e x c e l -  
l en t  ag reemen t  wi th  measu red  py romete r  su r face  t empera tu res  fo r  bo th  t es t  condi- 
t i o n s .  
Bond c o a t  e f f e c t . -  The t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  t h e  s p e c i m e n s  c o n t a i n i n g  
bond c o a t s  o f  s i l i c o n e  a n d  p h e n o l i c  r e s i n ,  a long  wi th  the  spec imens  tha t  r ece ived  
no  bond  coat,  are p l o t t e d  t o g e t h e r  i n  f i g u r e  49.  The d a t a  seem t o  i n d i c a t e  a 
h i g h e r  c o n d u c t i v i t y  f o r  t h e  s p e c i m e n s  f a b r i c a t e d  w i t h  a s i l i c o n e  c o r e  bond coat-  
i ng .  The tempera tures   in   the   char   zone  are lower   t han   t he   o the r  two cases   and  
t h e  t e m p e r a t u r e s  i n  t h e  v i r g i n  material are h i g h e r  f o r  the s i l i c o n e  case. We can 
p r o b a b l y  r u l e  o u t  t h e  h e a t i n g  rate f ac to r ,  wh ich  i s  w i t h i n  ?l% fo r  t hese  spec imens .  
Thus the  mos t  p l aus ib l e  r eason ing  wou ld  po in t  t o  a h i g h e r  c o n d u c t i v i t y  f o r  t h e  
s i l i cone-coa ted  spec imen.  
* 
Thompson, R. L . ;  and Driver, W .  W . :  Study  of Cri t ical  D e f e c t s   i n   A b l a t i v e  
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F igure 47. - Ef fec t  of  U n l t  Weight on Backface Temperature Rise 
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Figure 49. - Bond Coat Effects on Temperature Prof i le ,  High-Flux 


















L I I I I i n .  
0 1 2 3 4 5 
cm 
Dis tance f rom f ron t  sur face  
F igure 50. - D e n s i t y  U n i f o r m i t y  E f f e c t s  on  Temperature P r o f i l e ,  H i g h - F l u x  
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Figure 51. - Void Effects on Temperature P ro f i l e ,  High-Flux 
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Figure 52. - Baseline Temperature Profile, High-Flux 
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Density uniformity.- In  f igu re  50 ,  t he  e f f ec t  o f  dens i ty  un i fo rmi ty  f rom 
f r o n t  t o  b a c k  s u r f a c e  o n  t e m p e r a t u r e  d i s t r i b u t i o n s  is shown f o r  t h e  1 1 D  and 19s 
series specimens. The d e n s i t y  d i s t r i b u t i o n  w a s  v e r i f i e d  b y  e l e c t r o n i c a l l y  d e t e r -  
min ing  the  relative r a d i o g r a p h i c  d e n s i t i e s  b y  a v ideo  ana lyzer  sys tem.  A v ideo  
p r e s e n t a t i o n  o f  a radiograph of specimen 1 1 D - 1 1  i l l u s t r a t i n g  a relative d e n s i t y  
i n c r e a s e  f r o m  t h e  f a c e  s h e e t  t o  the pane l  su r f ace  w a s  shown i n  f i g u r e  6 .  Rela- 
t ive rad iographic  dens i ty  measurements  were o b t a i n e d  a l o n g  t h e  o r d i n a t e  l i n e  
through  the  center   of   the   image.  A v i d e o  p r e s e n t a t i o n  o f  t h e  relative r a d i o -  
g raph ic  dens i ty  o f  spec imen  19s -1  a l so  shown i l l u s t r a t e s  t h e  u n i f o r m i t y  p r o d u c e d  
by  the  "two-side"  packing  method.  Noise i n  t h e  trace on t h i s  s p e c i m e n  is due t o  
the  g l a s s  c lo th  wrapped  a round  the  spec imen  a f t e r  i n s t a l l a t ion  of t h e  thermo- 
couples .  
Both sets of  spec imens  had  essent ia l ly  the  same sur face  tempera ture ,  a l though 
t h e  1 1 D  series e x h i b i t s  h i g h e r  t e m p e r a t u r e s  i n  t h e  c h a r  l a y e r  a n d  p y r o l y s i s  z o n e  
w i t h  a subsequen t  c ros sove r  to  lower  t empera tu res  wi th in  the  v i rg in  material. 
The d i f fus iv i ty  a rgumen t  used  p rev ious ly  does  no t  seem t o  e x p l a i n  t h i s  d i f f e r e n c e .  
S i n c e  t o t a l  mass is  a cons tan t  for  these  spec imens ,  perhaps  w e  are see ing  on ly  
t h e   c o n d u c t i v i t y   e f f e c t s .   T h u s ,   n e a r   t h e   s u r f a c e   t h e   c o n d u c t i v i t y  is h i g h e r  i n  
b i l l e t  11D due  to  bo th  h ighe r  dens i ty  and  the  loca l  b reakage  o f  mic rosphe res  du r -  
i ng   co re   l oad ing .  Nearer t h e   f a c e   s h e e t ,   t h e   d e n s i t y   d r o p s   b e l o w   b i l l e t   1 9 s   a n d  
conduc t iv i ty  d rops  acco rd ing ly .  
Voids locat ion effect :  The e f f e c t  o f   vo id   l oca t ion  on t empera tu re   d i s t r ibu -  
t i o n  i s  p r e s e n t e d  i n  f i g u r e  5 1 .  The r e s u l t s  o f  t h e  1 1 D  cont ro l   spec imen tests 
are shown f o r  r e f e r e n c e .  It  can   be   seen   tha t   the   sur face   t empera ture  is roughly 
150°F (83K) c o o l e r  f o r  a l l  t h e  v o i d  s p e c i m e n s  d e s p i t e  t h e  f a c t  t h a t  m e a s u r e d  h e a t -  
i n g  rates a r e  w i t h i n  t h e  s p e c i f i e d  ?5% to l e rance .  Th i s  can  be  exp la ined  by  the  
t empera tu re   d i s t r ibu t ions   w i th in   t he   vo id   spec imens .  The temperatures  immediately 
behind the voids  are about 500°F (533K) h ighe r  t han  those  a t  corresponding loca-  
t i o n s  i n  t h e  c o n t r o l  s p e c i m e n s ,  i n d i c a t i n g  t h a t  h e a t  t r a n s f e r r e d  b y  r a d i a t i o n  a t  
the  char   temperature  i s  g r e a t e r   t h a n   t h a t   c o n d u c t e d   b y   t h e   a b l a t i v e   f i l l e r .   T h i s  
same e f f e c t  w a s  t r u e  f o r  a l l  three void placements .  
Weight loss.- Weight  loss  was n o t  s i g n i f i c a n t l y  a f f e c t e d  by any of  the defects  
inves t iga ted ,   wi th   the   except ion   of   dens i ty   un i formi ty   spec imens   ( f ig .  5 5 ) .  Uni- 
form densi ty  specimens showed lower  we igh t  l o s s  a t  bo th  h igh  and  low h e a t  f l u x  
l e v e l s ,  b e c a u s e  o f  t h e  d i f f e r e n c e  i n  mass d i s t r i b u t i o n  w i t h i n  t h e s e  s p e c i m e n s .  
Surface temperature.- Sur face  t empera tu res  ( ave rage  va lues )  and  sca t t e r  bands  
f o r  t h e  two test  c o n d i t i o n s  are compared i n  f i g u r e  45. 
_ _ ~  
Data s c a t t e r  and trends.- Data sca t te r  p r e s e n t  i n  t h e  b a c k  s u r f a c e  t e m p e r a t u r e  
measurements i s  p r e s e n t e d  i n  f i g u r e s  56  and 57. Minimal sca t te r  23 t o  15°F  (1.7 
t o  8.3K), between " ident ical"  specimens i s  n o t e d  i n  f i g u r e  5 6  as expec ted  s ince  
a l l  th ree   spec imens  were t e s t e d  t o g e t h e r  a t  t h e  low h e a t  f l u x  c o n d i t i o n .  A t  t h e  
h i g h  h e a t i n g  c o n d i t i o n ,  t y p i c a l  sca t te r  w a s  2 8  t o  30°F  (4 .5  t o  16.5K) and  can  be 
a t t r i b u t e d  i n  p a r t  t o  test c o n d i t i o n  v a r i a t i o n s  f r o m  o n e  f a c i l i t y  o p e r a t i o n  t o  
the  nex t .  
Maximum temperature  rise t r e n d s  a r e  shown i n  f i g u r e s  46 through 48 f o r  d e n s i t y ,  
ab l a t ive  compos i t r  un i t  we igh t ,  and  vo id  loca t ion .  
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Figure 56. - Data Scatter,  Low F l u x  
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Voids Bond c o a t  
F igu re  57. - Da ta   Sca t te r ,   H igh  Flux 
Visual observations.- T y p i c a l  a b l a t i o n  c h a r a c t e r i s t i c s  are shown i n  f i g u r e s  
58   th rough  71 .   These   charac te r i s t ics  are d i scussed   i n   t he   fo l lowing   pa rag raphs .  
Low heat flux, general: The  low hea t  f l ux  spec imens  gene ra l ly  had  a r e d d i s h  
brown s o l i d  s u r f a c e  w i t h o u t  c r a c k s  o r  l o s s  o f  c h a r .  Below t h e  s u r f a c e  t h e  c h a r  
w a s  very  weak w i t h  c r a c k s  p r e d o m i n a n t l y  p a r a l l e l  t o  t h e  s u r f a c e .  A 0.06- t o  
0.1-inch (0.152- t o  0.254-cm) gh igh  vo id  o r  l a rge  c rack  was n o t e d  j u s t  b e l o w  t h e  
s u r f a c e  ( f i g .  60).  The  honeycomb i n   t h e s e   s p e c i m e n s  was i n t a c t  w i t h  t h e  s u r f a c e ,  
and ab la t ion  dep ths  r eached  0 .95  to  1 .15  inch  (2 .41  to  2 .94  cm) below t h e  
su r f   ace .  
High heat flux, general: High heat  f lux specimens had a b l a c k  s u r f a c e  c o a t -  
i n g  on very weak s i l i ca  ash.  This  s i l i c a  l a y e r  was typica l ly  0 .07- inch  (0.178-cm) 
th i ck  and  the  honeycomb was gone t o  t h e  same depth.  The cha r  be low the  su r face  
was very weak and  showed m u l t i p l e  c r a c k s  p a r a l l e l  t o  t h e  s u r f a c e  ( f i g .  6 1 ) .  The 
char  was n o t  a t t a c h e d  t o  t h e  honeycomb and w a s  f r e e  t o  s h i f t  i n  most models while 
t he  ab la t ion  dep th  r anged  f rom 1 .28  to  1 .60  inches  (3 .5  to  4 .07  cm). 
Bond coating specimens: A l l  low h e a t  f l u x  s p e c i m e n s  h a d  t h e  t y p i c a l  v o i d  
j u s t  be low  the   sur face .  Below t h i s  v o i d ,  t h e  n o n c o a t e d  m o d e l s  h a d  i n t e g r a l  c h a r  
t h a t  was n o t  bonded to  the  co re  and  the re fo re  sh rank  wi thou t  c rack ing .  The  bond- 
coated models had one or more c r a c k s  i n  t h e  c h a r  i n  a d d i t i o n  t o  t h e  v o i d  n e x t  t o  
t h e  s u r f a c e .  
The h i g h  h e a t  f l u x  m o d e l s  h a d  m u l t i p l e  c r a c k s  i n  t h e  c h a r  r e g a r d l e s s  o f  t h e  
type  of   bond  coat ing.  The s i l icone   bond-coa ted   models   exper ienced   deeper   ab la t ion  
penetrat ion than the phenol ic  and uncoated models ,  1 .60 versus  1 .46 inches (4.07 
versus  3 .71  cm) r e s p e c t i v e l y  , thus  subs tan t ia t ing  tempera ture  measurements .  
Density: The low h e a t  f l u x  m o d e l s  a l l  h a d  a n  i n t e g r a l  c h a r  s u r f a c e ,  w h i l e  
the char appearance for the low-density models had more cracks than the models  
with  normal  and  high  density.  A t  t h e  h i g h  h e a t i n g  r a t e ,  c h a r  s t r e n g t h  w a s  d i -  
r e c t l y  p r o p o r t i o n a l  t o  d e n s i t y ,  a n d  a b l a t i o n  d e p t h  was i n v e r s e l y  p r o p o r t i o n a l  t o  
d e n s i t y  a t  b o t h  h i g h  a n d  low h e a t  f l u x e s  ( f i g .  6 2 ) .  
Voids: The a b l a t i o n   d e p t h  on these  models was s i g n i f i c a n t l y  h i g h e r  t h a n  f o r  
models   wi thout   vo ids   ( f ig .   59)   and ,   for   the   h igh   hea t   f lux ,   the   char   ex tended   to  
bo th  s ides  o f  t he  vo ids  loca t ed  at p o s i t i o n s  A and B.  
Large honeycomb: Honeycomb with  3/4-inch (1.905-cm)  and  l-1/8-inch  (2.86-cm) 
c e l l  s i z e s  were t e s t e d  a t  low hea t ing   cond i t ions   on ly .  The 3/4-inch  (1.905-cm) 
honeycomb d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  s u r f a c e  o r  c h a r  c h a r a c t e r i s t i c s  ( f i g .  
60) . Tests wi th  the  1 1/8-inch (2.86-cm)  honeycomb r e s u l t e d  i n  a s t r o n g  s u r f a c e  
b u t  some cracks.  The cha r   had   t he   t yp ica l   vo id   be low  the   su r f ace   excep t   t ha t  i t  
was l a r g e r .   C r a c k s   i n   t h e   c h a r  were p e r p e n d i c u l a r   t o   t h e   s u r f a c e   ( f i g .  60) and 
t h e  a b l a t i o n  d e p t h  w a s  less than normal a t  0.97 inch (2.46 cm) . 
Density  uniformity: The uniform-density  models tested a t  t h e  low h e a t  f l u x  
d id  not  have  the  typ ica l  vo id  be low the  sur face ;  however ,  a series of p a r a l l e l  
c racks  was ev ident  and  similar t o  t h e  t y p i c a l  h i g h - f l u x  m o d e l s .  O t h e r  c h a r  c h a r -  
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Fiqure 58. - Charred P1 asma Arc Specimens, Nominal Density 
- 10 
E, 
- 5  
-0 
"" 
1V-8 LOW flux 2Y-18 High flux 
Figure 59. - Charred P1 asma Arc Specimens, Backface Yoid 
S 
.r 










15H-3 1 1 /8 - in .  (2.855-cm) Honeycomb, low f l ux  15H-5 3 /4 - in .  (1.905-cm) Honeycomb, low f lux  
Figure 60. - Charred P1 asma Arc Specimens, Large honeycomb 
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Physical  Property Data 
T e n s i l e  tests were r u n  w i t h  t h e  honeycomb r i b b o n  d i r e c t i o n  t r a n s v e r s e  t o  t h e  
d i r ec t ion  o f  l oad ing  and  f ive  spec imens  were t e s t e d  a t  each  cond i t ion .  Th i s  t ype  
of material i s  s u b j e c t  t o  more v a r i a t i o n s  t h a n  a homogeneous material. Thus,   the  
s t rength of  each specimen i s  s u b j e c t  n o t  o n l y  t o  n o r m a l  v a r i a t i o n s  s u c h  as ma- 
ch in ing ,  minute  voids ,  e tc ,  b u t  a l s o  t o  honeycomb node  bond, honeycomb f i l l e r  
bond,  and f i l l e r  s t r e n g t h .  T h i s  r e s u l t s  i n  more  panel-to-panel  and  specimen-to- 
specimen scat ter  t h a n  w i t h  a homogeneous material. F igures  6 3  through  65 demon- 
s t ra te  t h i s  t y p e  of v a r i a t i o n .  
Tens i le  spec imens  were t e s t e d  t o  e v a l u a t e  t h e  f o l l o w i n g  p a r a m e t e r s :  
1) Honeycomb bond  coat ing;  
2 )  D e n s i t y   v a r i a t i o n s   o f   a b l a t i v e   f i l l e r ;  
3) Cure   cyc le   va r i a t ions ;  
4 )  Omission  of   f ibers ;  
5) No honeycomb core.  
Honeycomb bond coating.-  The t e n s i l e  s t r e n g t h  o f  f i l l e d  honeycomb a b l a t o r s  
s t rongly  depends on the  bond  between  the honeycomb and f i l l e r .  Low s t r e n g t h  
a n d / o r  l o w  u l t i m a t e  e l o n g a t i o n  c a n  r e s u l t  i n  b o n d  f a i l u r e s  d u r i n g  t h e r m a l  c y c l i n g .  
Task I of t h i s  program pointed out problems using sil icone as a bond coating.* 
A rev iew of  o ther  cont rac ts  sugges ted  the  use  o f  SC1008 p h e n o l i c  v a r n i s h  a s  a bond 
coa t ing .  A series of tests w a s  comple t ed  to  eva lua te  the  use  o f  s i l i cone  and  
phenol ic  bond coa t ing  compared  wi th  no  coa t ing .  Tens i l e  p rope r t i e s  a re  shown i n  
f i g u r e s  66  through  68.   Typical   fa i lures  are shown i n   f i g u r e   6 9 .  
NO coating: A bond c o a t i n g  a p p e a r s  t o  b e  n e c e s s a r y  t o  a c h i e v e  t e n s i l e  s t r e n g t h  
i n   t h e   a b l a t i v e   c o m p o s i t e .   W i t h o u t   a n y   c o a t i n g ,   t e n s i l e   f a i l u r e   o c c u r s  a t  t h e  
honeycoinb/ab la tor   in te r face .   S t rength   and   u l t imate   e longat ion  w e r e  less than   ha l f  
thase  of  the  bond-coa ted  panels  ( f ig .  66 and 67).  
S i l icone  bond coat :  Dow Corning  182  resin was s e l e c t e d  f o r  t h e  s i l i c o n e  bond 
c o a t  s o  i t  wou ld  cu re  in  wi th  the  r e s in  in  the  ab la t ive  mix .  A l though  adhes ion  
w i t h  t h i s  s y s t e m  was ve ry  good ,  t ens i l e  s t r eng th  o f  t he  pane l s  w a s  somewhat less 
than   t ha t   o f   t he   pheno l i c   bond   coa t   ( f i g .  6 6 ) .  These   spec imens   fa i led   across   the  










- - - . - - 
Bond c o a t  study 
I 1 
Densi ty  s tudy I 1 I 
Control  ) I ! f A l t e r e d  No j NO i 




















f i b e r s  
I 












F-40 NO 3 
30 
4 


























Figure 66.- Ef fec t  of Core Coating on Tensile Strength 
113 
0 
-100 0 100 200 300 
OF 



























2000 - 1' 1 















Figure 68.- Ef fec t  o f  Core Coating on Tensile Modulus 
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Ablative material failure 
Figure 69.- Tensile Specimens, Bond Coat Study 
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Phenolic bond. coat :  Phenolic  varnish  (Monsanto SC1008) produces  very good 
bonds  between honeycomb a n d  t h e  a b l a t i v e  f i l l e r .  The  bond c o a t  was B-staged  on 
the core and actual ly  improved packing because of  i ts  low c o e f f i c i e n t  o f  f r i c t i o n .  
D u r i n g  c u r e  o f  t h e  s i l i c o n e  a b l a t i v e  m a t e r i a l ,  a s t r o n g  bond w a s  formed.  Tensi le  
tests o f  t he  compos i t e  r e su l t ed  in  f a i lu re s  th rough  the  ab la t ive  ma te r i a l  as 
shown i n  f i g u r e  69. 
The u l t i m a t e  e l o n g a t i o n  is a l s o  h i g h e r  t h a n  w i t h  t h e  s i l i c o n e  b o n d  coat except  
a t  -150°F  (172K). A t  t h i s   t empera tu re ,   t he  two c o a t i n g s   h a v e   e s s e n t i a l l y   t h e  
same e longat ion .  I t  is pos tu la ted   tha t   the   phenol ic   bond  coa t   has   gone   th rough 
a t r ans i t i on ,  whereas  the  s i l i cone  bond  coa t  s t i l l  h a s  f l e x i b i l i t y .  
Density Of a b l a t i v e  f i l l e r . -  Three  pane ls  were t e s t e d  a t  room temperature  
w i t h  p h e n o l i c  bond c o a t  a n d  d i f f e r e n t  p a c k i n g  d e n s i t i e s .  The r e s u l t s  are shown 
i n  f i g u r e  70. It a p p e a r s  t h a t  t h e r e  is  an  optimum d e n s i t y  o f  a r o u n d  1 6  l b / f t 3  
(255.0  kg/m3>.   This   does  not   agree  with  normal   experience  that  shows t h a t  i n -  
c r eased   dens i ty   o f   ma te r i a l s   i nc reases   s t r eng th .  I t  i s  poss ib le ,   however ,   tha t  
overpacking may degrade the honeycomb and f i l l e r  s t r e n g t h s .  
Altered cure cycle.- One panel  w a s  f a b r i c a t e d  f o r  t e n s i l e  tests u s i n g  t h e  
cu re  cyc le  d i scussed  unde r  the  sec t ion  ca l l ed  Material Bi l le ts .  These specimens 
were tested a t  room tempera ture  and  the  resu l t s  are g iven  in  f igu res  63 ,  64 ,  and  
65 .   Da ta   s ca t t e r  was min ima l ,   pa r t i cu la r ly   fo r   modu lus .  The a v e r a g e   s t r e n g t h  
and modulus were s ign i f i can t ly  lower  than  o the r  pheno l i c  bond-coa ted  samples .  
NO f ibe r s . -  The omiss ion  of  f ibers  had  l i t t l e  e f f e c t  o n  t e n s i l e  s t r e n g t h .  
The modulus was reduced,  however ,  because of  an increase in  the ul t imate  e longa-  
t i o n  ( f i g s .  6 3 ,  6 4 ,  and  65).  
NO honeycomb core." Ambient t e n s i l e  p r o p e r t i e s  w i t h o u t  c o r e  are v e r y  c l o s e  t o  
va lues   ob ta ined   w i th   t he   co re .   Th i s   does   no t   necessa r i ly   i nd ica t e   t ha t   t he  
s t r e n g t h  i s  equ iva len t  w i th  and  wi thou t  co re .  A l l  t e n s i l e  tests with  core  on 
t h i s  program were t e s t e d  p e r p e n d i c u l a r  t o  t h e  r i b b o n .  T e s t i n g  a l o n g  t h e  r i b b o n  
wou ld   undoub ted ly   g ive   d i f f e ren t   r e su l t s   ( f i g s .  7 1 ,  7 2 ,  and  73). 
." 
Large Panels 
Both  the  defec t  pane l  and  the  cont ro l  pane l  surv ived  the  pre- reent ry  envi ron-  
mental  tests without  problems.  Visual  and X-ray examina t ion  f a i l ed  to  show any 
degrada t ion  of  the  pane ls  or  the  a t tachments  , o r  any change to  the included anoma- 
l ies.  Sur face   ha rdness   i nc reased  as a n t i c i p a t e d  d u r i n g  t h e  t e m p e r a t u r e  c o n d i t i o n -  
ing .  
Acoustic.- Both panels were s u b j e c t e d  t o  an ove ra l l  sound  p res su re  level of 
156   dec ibe ls   for   15   seconds .   This  was fol lowed  by  159  decibels   for   50  seconds.  
P o s t t e s t  v i s u a l  e x a m i n a t i o n  showed no degradation of face sheet bond, attachments,  
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Figure 71.- E f f e c t  o f  Honeycomb  on Tensile Strength 
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F igu re  73.- T e n s i l e  Specimens, No Core 
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Hot vacuum test .-  The test and  con t ro l  pane l s  were s u b j e c t e d  t o  vacuum and 
hea t   s imu l t aneous ly .   The  t es t  c o n d i t i o n s  were: 
1) Heat ing - Quartz  lamps,  one  side  only; 
2) F r o n t   f a c e   t e m p e r a t u r e  - 290 t o  305°F (416 t o  425 K);  
3)  Backface  temperature - 70 to   110°F (294  t o  316K); 
4 )  Vacuum - 7 x t o r r  ( 9 . 3  x N/m2) start t o  6 x t o r r  
(8 x N/m2) f i n i s h ;  
5 )  Durat ion - 72 h r .  
Some outgass ing  w a s  e v i d e n t  d u r i n g  i n i t i a l  h e a t i n g  as t h e  vacuum i n c r e a s e d  
from 5 x t o r r   ( 6 . 6  x N/m2)  t o  7 x t o r r  ( 9 . 3  x N/m2) w h i l e  
h e a t i n g   t h e   a b l a t i v e   s u r f a c e .  The  vacuum s t a b i l i z e d  a t  6 t o  7 x t o r r  ( 8  t o  
9.3  x N/m2) a f t e r  two days a t  temperature .  
V i sua l  obse rva t ion  th rough  the  chamber window d i d  n o t  show any problems during 
t h e  test. The  chamber temperature  w a s  t hen  dec reased  fo r  t he  co ld  t es t  wi thout  
breaking  the  vacuum.  The i n c r e a s e  i n  h a r d n e s s  d u r i n g  t h e  h o t  vacuum exposure w a s  
from 5 t o  10  po in t s  on the  Shore  A scale.  
Cold vacuum t es t . -  Cold   soak   fo l lowed  immedia te ly   a f te r   the   ho t  test. Liquid  
n i t r o g e n  w a s  used i n  t h e  s h r o u d  t o  r e a c h  t h e  low temperature.   Quartz  lamps were 
used   t o   con t ro l   t he   pane l   t empera tu re  a t  -150°F (172K) .  The test c o n d i t i o n s  were: 
1)  Cold wal l  shroud  temperature  - -315 t o  -320°F (80 t o  77K) ; 
2 )  Heat ing  - Quar tz   l amps   bo th   s ides ;  
3)  Front   face   t empera ture  - -140 t o  -150°F (177 t o  166K); 
4 )  Backface  temperature - -150 t o  -160°F ( 1 7 2  t o  166K) ; 
5 )  Vacuum - 5 x t o r r   ( 6 . 7  x N/m2) s tar t ,  t o  4 x t o r r  
( 5 . 3  x N/m2) f i n i s h ;  
6)  Duration - 24 h r .  
A t  t h e  c o l d  c o n d i t i o n s ,  t h e  a b l a t i v e  f i l l e r  was d i s h e d  i n  t h e  honeycomb core  
due t o   d i f f e r e n t i a l   t h e r m a l   c o n t r a c t i o n .  The filler-to-honeycomb  bond,  however, 
d i d  n o t  show any s i g n  o f  f a i l u r e .  P o s t t e s t  v i s u a l  e x a m i n a t i o n ,  f i g u r e s  74 and  75, 
f a i l e d  t o  show any degradat ion of  bonds,  face sheet ,  a t tachments ,  or  change in  
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Figure 75.- Ablative Surface after Cold Soak; 
Core Frosted 
123 
Ablat ion tests.- The cold wall h e a t  f l u x  t o  t h e  specimen surface varied from 
30 Btu/ft2-s (0.341 MN/m2) a t  the leading edge to 10 Btu/ft2-s (0.113 MW/m2) a t  
t h e  t r a i l i n g  edge. The measured spanwise distribution was very nearly uniform 
as indicated by the test su r face  of the specimen shown i n  f i g u r e  76. The aero- 
dynamic shea r  va r i ed  from 1.0 to 0.5 psf (47.9 to 23.9 N/m2) along the surface of 
the panels.  Both panels were exposed to  the environment  for  1000 seconds. 
The defective specimen performed. extremely well with a s t r o n g  smooth char 
su r face  formed over 85% of the specimen. Surface-connected anomalies had no ap- 
p a r e n t  e f f e c t  on the  c r i t i ca l  s t r eng th  p rope r t i e s  of t he  cha r  o r  on the  ab la tor -  
to-face  sheet  at tachment.   Surface  temperatures,  shobm i n  f i g u r e  77, were very 
near ly  uniform across  the width of  the panel ,  +20"F (21I.K) and varied along the 
length  from  2100°F (1420K) t o  1900°F  (1310K). V a r i a t i o n s  i n  i n t e r n a l  and  back- 
face temperatures ,  summarized i n  f i g u r e  77, are a t t r i b u t e d  t o  t h e  v a r i a t i o n  i n  
hea t ing  rate and were n o t  n o t i c e a b l y  a l t e r e d  by the presence of small  surface 
voids (1 t o  3 cells), varying in  depth from 0.125 t o  0.375 inch (0.318 t o  0.952 
cm) , o r  by small ho les  up t o  0.189 inch (0.48 cm) in  d iameter  th rough the  ab la tor  . 
The 8 square inches (51.5 cm2) of unsupported char cracked into a random p a t t e r n  
with l i t t l e  difference noted between the area of crushed core and undercut core. 
Char r e t e n t i o n  was no t  no t i ceab ly  a f f ec t ed  by these  loca l ized  core  defec ts  or  by 
the  su r face  d i scon t inu i t i e s  c rea t ed  by a b l a t i v e  material removal. The two up- 
stream abla t ive  p lugs  formed in t eg ra l  cha r  w i th  the  ad jacen t  material and were 
securely fastened.  The  two dorms tream abla t ive  p lugs  d id  not  form an i n t e g r a l  
char  and were loose  in  the i r  ho le s ,  p robab ly  the  r e su l t  o f  cooldown shrinkage. 
The a reas  con ta inhg  f ace  shee t  de l amina t ion  and core unbonding from the  face  
shee t  were n o t   a f f e c t e d  by t h i s  test. 
The comparative data desired from the control specimen were inval idated be-  
cause of the loss of a copper water plug on the  specimen holder .  This  fa i lure  
occurred a t  the beginning of t he  test a n d  r e s u l t e d  i n  water be ing  leaked  in to  the  
test chamber. T h i s  r e s u l t e d  i n  a n  i n c r e a s e  i n  chamber pressure and produced an 
unbalanced test stream with a corresponding strong shock cone emanating from the 
nozz le  ex i t .  A shock impingement with the specimen surface resulted from the 
i n t e r a c t i o n  between t h i s  shock and the  bow shock and created a "hot" spo t  on the  
forward 8 inches  (20.3 cm) of t he  specimen ( f i g  78). The increased heat ing and 
turbulent  f low that  resul ted produced s ignif icant  char  removal  and a grooving of 
the receded surface as n o t e d  i n  f i g u r e  78. A cont r ibu t ing  fac tor  in  producing  
these grooves may have  been  the  fac t  tha t  the  core  r ibbon d i rec t ion  was p a r a l l e l  
to  the f low.  The groove width was approximately one-half the ce l l  width s ince 
the  honeycomb nodes were l e f t   s t a n d i n g   t o  a he igh t  of approximately 0.125 inch 
(0.318 cm) above the surface. The char "skin," which seems t o  b e  formed a t  heat-  
i n g  rates of  10 t o  30 Btu/ft2-s (0.113 to 0.341 MW/m2) exhib i ted  good attachment 
s t r e n g t h  d u r i n g  t h i s  test. Pressure gradients  and shear  forces  did not  remove 
t h i s  c h a r  from t h e  many open cells around the perimeter of the surface burnthrough 
region.  Surface  temperatures  of  2500°F (1600K) were measured in  the  receded  area  
with a r a p i d  f a l l o f f  t o  2000°F (1370K) near  the  t ra i l ing  edge .  
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Figure 78.- Control Panel Showing  Area o f  Shock Interaction 
CGNCLUS I ONS 
The conclusions from this  program are based on the performance requirements  
de l inea ted  in  the  sec t ion  en t i t l ed  The rma l  P ro tec t ion  Sys t em Pe r fo rmance  Requ i re -  
ments. 
Dens i t y  e f fec ts . -  The d e n s i t y  a n o m a l i e s  i n v e s t i g a t e d  d u r i n g  t h i s  s t u d y  d i d  
n o t  v i o l a t e  any  of   the  specif ied  performance  requirements .  The d e n s i t y  g r a d i e n t s  
f r o m  t h e  a b l a t o r  s u r f a c e  t o  the back  su r face  tha t  r e su l t ed  f rom the  low-cos t  
honeycomb c o r e  f i l l i n g  m e t h o d s  were f o u n d  t o  b e  n o n c r i t i c a l  d u r i n g  t h e  r e e n t r y  
heat ing  environment .  The n o n u n i f o r m  d e n s i t y  d i s t r i b u t i o n  r e s u l t e d  i n  g r e a t e r  
a b l a t i o n  w e i g h t  l o s s  b u t  b e t t e r  i n s u l a t i v e  c h a r a c t e r i s t i c s  t h a n  t h e  u n i f o r m  d i s -  
t r i b u t i o n .  T h i s  e f f e c t ,  h o w e v e r ,  was m i n o r  a n d  n o t  c o n s i d e r e d  s i g n i f i c a n t  i n  
terms of a material improvement. 
B u l k  d e n s i t y  v a r i a t i o n s  w i t h i n  t h e  s p e c i f i e d  t o l e r a n c e  +O l b / f t 3  (-32 kg/m3) , +O -2 
d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e r m a l  e f f i c i e n c y  o r  w e i g h t  loss. The lower  dens i ty  
models  did,   however,   experience a 40°F (22K) g rea t e r  t empera tu re  rise a t  the  back  
s u r f a c e  a n d  g r e a t e r  a b l a t i o n  p e n e t r a t i o n .  The t empera tu re  inc rease  w a s  w e l l  wi th-  
i n  t h e  cr i ter ia  of 75°F  (42K) and i s  t h e r e f o r e   c o n s i d e r e d   n o n c r i t i c a l .  It  is  
f e l t  t h a t  a n  a c c e p t a n c e  cr i ter ia  based on a r a d i o g r a p h i c  d e n s i t y  s t a n d a r d  i s  a 
f e a s i b l e  method f o r  d e n s i t y  c e r t i f i c a t i o n .  
Honeycomb core bond coat ing.-  No s t r u c t u r a l  cri teria were v i o l a t e d  b y  t h e  
honeycomb c o r e  b o n d  c o a t i n g  v a r i a t i o n s  i n v e s t i g a t e d .  The use  of  a bond  coat ing,  
however ,  s ign i f i can t ly  improved  the  mechan ica l  p rope r t i e s ,  and  the  pheno l i c  r e s in  
r e s u l t e d  i n  s u p e r i o r  p r o c e s s i n g ,  material homogeneity,  and mechanical and ablative 
p r o p e r t i e s  compared t o   t h e   s i l i c o n e - c o a t e d   s a m p l e s .  The subsu r face   cha r   a t t ach -  
ment t o  t h e  honeycomb seemed i n s e n s i t i v e  t o  t h e  a p p l i c a t i o n  o f  a bond coa t  s ince  
t h e  c h a r  on a l l  samples w a s  genera l ly  found unat tached .  This  may have  occurred 
during specimen cooldown and ,  i n  any  even t ,  is no t  cons ide red  a f a b r i c a t i o n  d e f e c t .  
Fo rmula t ion  mod i f i ca t ions ,  however ,  t ha t  i nc rease  cha r  r e s idue  wou ld  ce r t a in ly  
i m p r o v e  t h e  o v e r a l l  s t r e n g t h  a n d  i n t e g r i t y  o f  t h i s  s u b s u r f a c e  c h a r  l a y e r .  
The use of a s i l i c o n e  bond coat ing was f o u n d  t o  s i g n i f i c a n t l y  d e g r a d e  i n s u l a -  
t ion  performance.  The v a r i a t i o n  f r o m  t h e  c o n t r o l  case w a s  i n  e x c e s s  o f  t h e  t e m -  
p e r a t u r e  t o l e r a n c e  a n d  t h u s ,  f o r  a p r o c e s s  u s i n g  t h i s  c o a t i n g ,  t h e  amount  of s i l i-  
cone coat ing appl ied could produce a c r i t i c a l  d e f e c t .  
Voids.- Large voids were e v a l u a t e d  a t  t h r e e  l o c a t i o n s  w i t h i n  t h e  a b l a t o r  a n d  
no c a t a s t r o p h i c  e f f e c t s  were no ted  on  cha r  r e t en t ion .  The rma l ly ,  t he  l a rge  vo ids  
inves t iga t ed  degraded  in su la t ion  e f f i c i ency  and  the  deg rada t ion  depended  on void 
l o c a t i o n .  The magnitude  of  the  temperature  overshoot was 100 t o  140°F  (56 t o  78K), 
and exceeded the tolerance mainly because of  the large reduct ion (20%) i n  material 
d e n s i t y .  I t  i s  t h o u g h t  t h a t  v o i d s  t h a t  do n o t  r e d u c e  l o c a l  a b l a t o r  d e n s i t y  b e l o w  
15  l b / f t 3  (240 kg/m3) are n o n c r i t i c a l .  The area over  which a void can be averaged 
i s  expec ted  to  be  h ighly  dependent  on  the  l a te ra l  thermal  conductance of  the abla-  
t o r  subs t ruc tu re .  Thus  the  maximum a c c e p t a b l e  v o i d  s i z e  o r  c o l l e c t i o n  o f  v o i d s  
can  be  e s t ima ted  fo r  a g iven  subs t ruc ture  and  a l lowable  tempera ture  rise. 
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Core e f f e c t .  - The tests c o n d u c t e d  i n d i c a t e d  l o c a l  c o r e  c r u s h i n g  ( 2 5  t o  30 
ce l l s )  and  core  c e l l  s i z e  up t o  1.125  inch  (2.85 cm) t o  b e  n o n c r i t i c a l  d e f e c t s .  
The l a r g e r  honeycomb core  was found  to  g ive  s l i gh t ly  lower  backface  t empera tu res  
w i t h o u t   d e g r a d a t i o n   i n   c h a r   l a y e r   i n t e g r i t y .   T h u s ,   l o w e r   c o r e   p a c k i n g   c o s t s  
might  be  rea l ized  by u s i n g  l a r g e r  c e l l  honeycomb core .  
Cure Var ia t i ons . -  L a r g e  v a r i a t i o n s  i n  c u r e  t e m p e r a t u r e ,  p r e s s u r e ,  a n d  time 
d i d  n o t  a f f e c t  t h e r m a l  e f f i c i e n c y .  The  lower  temperature  cure  produced  very con- 
s i s t e n t  t e n s i l e  p r o p e r t y  d a t a ,  a l t h o u g h  s t r e n g t h  a n d  e l o n g a t i o n  were lower than 
f o r  t h e  b a s e l i n e  c u r e .  T h i s  r e s u l t e d  i n  a lower  modulus;  however,  unless  thermal 
stresses are a problem, i t  i s  n o t  recommended because of  the 50% i n c r e a s e d  c u r e  
t i m e  . 
Fiber bundles.-  Fiber  bundles  were n o t  f o u n d  t o  b e  c r i t i ca l ;  indeed, no evi- 
dence was f o u n d  t h a t  w a r r a n t e d  t h e  i n c l u s i o n  o f  f i b e r s  i n  t h e  f o r m u l a t i o n .  Fab- 
r i ca t ion  cos t s  cou ld  be  r educed  by  the i r  omiss ion .  
" Surface  vo ids  and  ab lator   ho les. -  Backface  temperatures were n o t   s i g n i f i c a n t l y  
a f f e c t e d  by the presence of s m a l l  d r i l l e d  h o l e s  up t o  0.189 inch (0.48 cm) i n  d i -  
ameter  through the ablator ,  o r  s u r f a c e  v o i d s  i n  3-cell c lus te rs  and  0 .25  inch  
(0.635 cm) i n   d e p t h .  
Meta l  inc lus ions . -  The a d d i t i o n  of small metal   inclusions  0.0312  inch  (0.0792 
cm) i n  diameter and  2 .5% by weight  d id  not  s ign i f icant ly  a f fec t  backface  temper-  
a t u r e  . 
Attachment defects.-  The two a t t a c h m e n t  p o i n t  d e f e c t s  i n v e s t i g a t e d  -- f a c e  
sheet  delaminat ion and core disbonding from the face sheet  -- surv ived  a l l  t h e  
environmental   exposures  without  consequence.  In  conclusion,  delaminations  and 
unbonds l i ke ly  caused  by process  or  machining operat ions and of  less than 1.77 
square inches (11.35 cm2) a r e  p r o b a b l y  t o l e r a b l e  a n d  a r e  c l a s s i f i e d  n o n c r i t i c a l  
based on s tudy  resu l t s .  
Abla t ive  p lugs . -  Although the  ab la t ive  p lugs  per formed qui te  w e l l  d u r i n g  t h e  
wedge tes ts ,  w e  recommend tha t  these  p lugs  be  bonded in  p lace  by us ing  a s i l i c o n e  
bond  coat.   This  would  reduce  the  probabili ty  of  plug l o s s  in   the   absence   o f   an  
in tegra l  char  sur face  format ion  or  due  to  mater ia l  shr inkage  dur ing  cooldown.  
General.- I n  summary, the  fo l lowing  conclus ions  were reached: 
1 )  T e n s i l e  tests showed tha t   the   ab la t ive   composi te   had  maximum s t r e n g t h  
and  modulus a t  low tempera ture .   Mechanica l   p roper t ies  were e s s e n t i a l l y  
t h e  same a t  76 and  300°F  (297.5  and 422K). Fibers   and honeycomb core 
had only a m i n o r  e f f e c t  on mechan ica l  p rope r t i e s ,  wh i l e  a d e n s i t y  o f  
16 l b / f t 3  (256  kg/m3)  produced  the maximum t e n s i l e  s t r e n g t h ;  
2) Maximum a b l a t o r   u l t i m a t e   e l o n g a t i o n  w a s  approximately  2%.  This seems 
adequate  for p r e s e n t  S h u t t l e  r e q u i r e m e n t s ;  
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Abla t ive  tests a t  low h e a t  f l u x  r e s u l t e d  i n  a n  i n t e g r a l  c h a r r e d  s u r -  
f a c e  w i t h  a void  area b e l o w  t h i s  s u r f a c e  c r u s t .  A t  h i g h  h e a t  f l u x ,  
the specimens had a very  weak cha r  cons i s t ing  o f  a l a y e r  o f  s i l i c a  
ash  on  weak carbonaceous  char.  The char  had many c r a c k s  p a r a l l e l  t o  
t h e  s u r f a c e .  I n  a d d i t i o n ,  a t  t h e   h i g h   h e a t i n g   c o n d i t i o n ,   t h e   h o n e y -  
comb w a s  e roded  to  a depth of 0.07 t o  0 . 1  i n c h  ( 0 . 1 7 8  t o  0 . 2 5 4  cm) 
and  the  char  w a s  se l f - suppor t ing .  None o f  t h e  d e f e c t s  i n v e s t i g a t e d  
c a u s e d  c h a r  l o s s ,  s p a l l a t i o n ,  o r  c o l l a p s e  of t h e  c h a r  l a y e r ;  
Surface roughing was n o t  s i g n i f i c a n t  a t  e i t h e r  test c o n d i t i o n  s i n c e  
t h e  c h a r  s u r f a c e  seemed to  be  pro tec ted  f rom recess ion  by  an  oxida t ion-  
r e s i s t a n t  c o a t i n g .  A t  a temperature  of 2450 t o  2500°F  (1618 t o  1645K), 
t h e  g l a s s  honeycomb was vapor i zed  o r  me l t ed  away, thus producing some 
roughness .   Under   h igher   shear   and   pressure   forces ,   the   char  may be 
l o s t  r e s u l t i n g  i n  a very  rough sur face .  The use  of  an  improved  grade 
of g l a s s  honeycomb and/or  ab la tor  formula t ion  changes  would  a l leviate  
th is  problem a t  these  t empera tu res ;  
Several processing improvements  incorporated during Task I11 r e s u l t e d  
i n  h i g h e r  q u a l i t y  p a n e l s  t h a n  a n y  o f  t h e  p a n e l s  i n s p e c t e d  d u r i n g  T a s k  
I or  Task  11. Material homogeneity was grea t ly  improved  by t h e  elimi- 
na t ion  o f  t he  hep tane  ex tende r  and  the  use  o f  pheno l i c  r e s in  to  p ro -  
v i d e  a honeycomb core bond coa t .  Bulk  dens i ty  and  panel  un i formi ty  
were con t ro l l ed  ve ry  c lose ly  wi th  the  f ixed  vo lume  pack ing  p rocedure  
employed. 
RECOMMENDATIONS 
The following recommendations are based on the  exper ience  ga ined  in  per formance  
of t h i s  c o n t r a c t :  
1 )  S i n c e  t e n s i l e  s t r e n g t h  r e a c h e d  a maximum a t  about  16  lb / f t3  (256  kg/m3) , 
i t  i s  p o s s i b l e  t h a t  t h e  p e r c e n t  o f  s i l i c o n e  'in the formulat ion could 
be  inc reased  and  pack ing  p res su re  dec reased  to  ma in ta in  th i s  dens i ty .  
The inc reased  r e s in  con ten t  shou ld  p rov ide  more c h a r  r e s i d u e  f o r  a 
s t ronger   char   format ion .  The i n c r e a s e d   c o r e   f i l l i n g   d i f f i c u l t i e s  
might   be  offset   by  using  larger   core .   Another   approach  would  be  to  
use a more h igh ly  pheny la t ed  r e s in  sys t em tha t  wou ld  y i e ld  a more 
carbonaceous  char;  
2) The h e a t i n g  ra te  c h a n g e  d u r i n g  t h e  r e e n t r y  t r a j e c t o r y  a f t e r  i n i t i a l  c h a r  
format ion  should  be  inves t iga ted  to  de te rmine  i t s  e f f e c t  on char  in -  
t e g r i t y  and the  th in  ox ida t ion  coa t ing  fo rmed  on t h e  s u r f a c e ;  
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3 )  Bond coa t ing   can   impose   s ign i f i can t   he rma l   pena l t i e s .   A l though  
p h e n o l i c  r e s i n  p r o d u c e d  t h e  b e s t  r e s u l t s  i n  t h i s  p r o g r a m ,  s t r e n g t h  
d r o p p e d   o f f   s i g n i f i c a n t l y  a t  low temperature .   Other  bond c o a t i n g  
r e s i n s  s u c h  a s  " s t a g e d 1 '  s i l i c o n e s  c o u l d  b e  i n v e s t i g a t e d  f o r  t h i s  a p -  
p l i ca t ion .   Th i s   shou ld  combine the   advantages   o f   phenol ic   res in   wi th  
t h e  t e m p e r a t u r e  c a p a b i l i t y  o f  s i l i c o n e s ;  
4 )  To more f u l l y  e x p l o r e  t h e  e f f e c t  o f  bond coat  on thermal  insu la t ion ,  
w e  recommend tha t   thermal   conduct iv i ty  tests be  conducted.  This 
should be followed by additional plasma arc tests; 
5) An a d d i t i o n a l  improvement in  thermal  conductivity  might  be  achieved 
by using honeycomb core  wi th  a lower resin content ;  
6)  Large honeycomb core   looked   prac t ica l  a t  low heat   f lux .   This   should  
be  inves t iga t ed  fu r the r  as a way to  r educe  f ab r i ca t ion  cos t  and im-  
p rove  process ib i l i ty .  
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APPENDIX A 
CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 
The In te rna t iona l  Sys tem of  Uni t s ,  abbrevia ted  S I  (System 
I n t e r n a t i o n a l ) ,  w a s  a d o p t e d  i n  1960 by the  Eleventh  Genera l  Con- 
ference  on  Weights and  Measures  held i n  P a r i s ,  F r a n c e .  The  con- 
v e r s i o n  f a c t o r s  r e q u i r e d  f o r  u n i t s  u s e d  h e r e i n  are  g i v e n  i n  t h e  
fo l lowing   t abu la t ion .  
Coefficient of heat transfer 
Dens i ty 
Dynamic pressure 
Atrnospheri c pressure 
Barometric pressure 
Enthalpy 
Heat t r ans fe r  r a t e  
Length 
Mass d i s t r ibu t ion  
Mass flow per unit  area 
Speci f i c heat 
Temperature 
Temperature r i s e  
Vel oci  ty 
Distance 
Vol  urne 
U .  S . Customary 
Unit 
1 b / f t2  
Btu/ft2-sec-"R 
1 b / f t3  
1 b f / f t 2  
l b f / i n . 2  
a t m  
i n .  of Hg (60°F)  
B t u / l  b 
Btu/ft2-sec 
f t  
i n .  
1 b / f  t2 
1 b/f t2 -sec  
B t u / l  b-"R 
" F  
"F  
fps > 
nautical  mi 1 e 










2.32 X 1 0 3  





4.18 X 103 





SI  Unit 
N/m2 
W/m2-  K 
k q / m 3  
N / m 2  
N/m2 
N/m2 
N / m 2  












m 3  
*Multiply  value  given i n  U.S. customary uni t  by conversion factor t o  
obtain equivalent value in S I  un i t .  
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T h e  p r e f i x e s  t o  i n d i c a t e  m u l t i p l e s  of u n i t s  are t a b u l a t e d .  




FABRICATION  OF  LOW-DENSITY  ELASTOMERIC  HEAT  SHIELD  PANELS 
T h i s  p r o c e s s  e s t a b l i s h e s  t h e  materials, equipment,  and  methods 
used  in  the  f ab r i ca t ion  o f  l ow-dens i ty  e l a s tomer i c  hea t  sh i e ld  
p a n e l s   f o r  NASA-Langley Con t rac t  NAS1-10289. This   p rocess   does  
n o t  e s t a b l i s h  t e s t  methods  o ther  than  in-process  and  f ina l  inspec-  
t i o n  t e c h n i q u e s  o f  a q u a l i t y  c o n t r o l  n a t u r e .  
Application - This  process  presents  the  s tep-by-s tep  methods  f rom 
raw material  handl ing  through the  f ina l  composi te  pane l  d imens ion-  
i n g   f o r  t es t  p a n e l   c o n f i g u r a t i o n s .   I n   t h i s   s e n s e ,  i t  is  develop- 
mental  and is  n o t  i n t e n d e d  f o r  f a b r i c a t i o n  o f  f l i g h t - c o n f i g u r a t i o n  
hardware. 
The composi te  panel  when f i n i s h e d  is e s s e n t i a l l y  a s i n g l e - f a c e d  
honeycomb p a n e l  w i t h  t h e  c e l l  s t r u c t u r e  f i l l e d  w i t h  a n  e l a s t o m e r i c  
a b l a t o r  bonded t o  t h e  f a c e  and c e l l - w a l l  s u r f a c e s .  
M a t e r i a l s  - The materials used are: 
Epoxy-Glass  Prepreg,  Hexcel  Corporation,  Trevarno 
F-161-181, F-50 f i n i s h ;  
Honeycomb, Hexcel   Corpora t ion ,  HRP 3/8 GF-11-2.2; 
R e f r a s i l  f i b e r s ,  H . I .  Thompson Co., F-100A-25; 
Phenol ic  Microbal loons,  Union Carbide,  BJO-0930; 
S i l i c o n e  e l a s t o m e r ,  Dow Corning, Sylgard 182 Resin and 
c u r i n g  a g e n t ;  
Phenol ic   res in ,   Monsanto ,  SC-1008. 
The  equipment  included: 
Vacuum pump; 
A i r  c i r c u l a t i n g  o v e n ;  
Vapor deg rease r ,  t r i ch lo roe thy lene  condens ing  vapor ;  
Binks,  Spray gun and nozzles;  
Labora tory  ba lance ;  
6) No. 30 s i e v e ;  
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7) P lane tary   mixer ,   Hobar t  N-50; 
8) P l a n e t a r y  mixer, Hobart A-200; 
9) Bandsaw; 
1 0 )   S m a l l   d r i l l   m o t o r .  
Procedure - The procedure is d e t a i l e d .  
1. F a b r i c a t i o n  of Honeycomb Core   t o   G las s - r e in fo rced  Epoxy 
Face 
1.1 Honeycomb Core   Prepara t ion  
1.1.1 
1 . 1 . 2  
1 . 1 . 3  
1 . 1 . 4  
1.1.5 
1.1.6 
Cut  co re  to  p rope r  d imens ion  fo r  t oo l ing  f i t up .  
Check t o o l i n g  f i t u p  by a s sembl ing  the  co re  in  
t o o l i n g .  
Remove the  co re  f rom too l ing  and  v i sua l ly  in -  
s p e c t  t h e  c o r e  f o r  d e f e c t s  s u c h  as b r o k e n  c e l l  
wal ls  and  ends  or  delaminated  node  bonds.  Cel l  
w a l l  and n o d e  d e f e c t s  s h a l l  b e  c a u s e  f o r  re- 
j e c t i o n  o f  c o r e  d e t a i l s .  
Clean  core  by us ing  d ry ,  f i l t e r ed  compressed  
n i t r o g e n .   C o r e   s h a l l   t h e n   b e   d e g r e a s e d   i n  
condens ing  vapor s  o f  t he  t r i ch lo roe thy lene  
vapor  degreaser .  
V i s u a l l y  i n s p e c t  t h e  c o r e  f o r  r e s i d u a l  con- 
t amina t ion  and i f  n e c e s s a r y  repeat s t e p  1 . 1 . 4  
a n d  r e c o r d  t h i s  f a c t  i n  QC l o g .  
Immediately wrap c l e a n e d  c o r e  i n  c l e a n  k r a f t  
p a p e r  f o r  s t o r a g e  u n t i l  r e a d y  f o r  u s e .  
1 . 2  Glass-Epoxy  Face  Laminate  Preparation 
1 . 2 . 1  Xamove pre impregnated   g lass   fabr ic   f rom  co ld  
s torage .  and  a l low the  material t o  warm up t o  
room temperature .  
1 .2 .2   Cut  two p l i e s  o f   t he   p rep reg   t o   t he   p rope r   d i -  
mensions  to  make a 90" c rossp ly  l amina te .  
1 .3   Laminate/Core Layup 
1.3.1 Solvent-clean (MEK) and  apply mold release t o  
t h e  t o o l i n g  s u r f a c e s .  
1 . 3 . 2  Place a mold- re lease-coa ted  Mylar  f i lm on  the  
mold s u r f a c e .  
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1.3.3 
1 .3 .4  
1 . 3 . 5  
1 . 3 . 6  
1 .3 .7  
1 . 3 . 8  
1 .3 .9  
1 .3 .10  
P l a c e  t h e  f i r s t  l a m i n a t e  p l y  o n  t h e  M y l a r  a n d  
r o l l  o u t  f l a t  and smooth; then remove the 
s e p a r a t o r  f i l m .  
P lace  the  second  p ly  on  top  of t h e  f i r s t  p l y  
w i t h  a 90" weave o r i e n t a t i o n  t o  t h e  f i r s t  p l y .  
Smooth o u t  and  remove s e p a r a t o r  f i l m .  
Cen te r  t he  co re  suppor t  t oo l  on  the  f ace  lam- 
i n a t  e layup.  
I n s e r t  t h e  c o r e  i n  the core-suppor t  too l  down 
a g a i n s t  t h e  f a c e  l a m i n a t e .  
In spec t  t he  too l ing  and  l ayup  a t  t h i s  p o i n t  
t o  e n s u r e  t h a t  p r o p e r  f i t u p  is ob ta ined ,  es- 
p e c i a l l y  a t  t h e  c o r e / l a m i n a t e  j u n c t i o n .  
P l a c e  g l a s s  f a b r i c  w i c k i n g  o v e r  t h e  l a y u p  
assembly so i t  i n t e r s e c t s  w i t h  a vacuum o u t l e t .  
Cons t ruc t  a vacuum bag over  this  assembly and 
sea l  t o  t h e  mold base .  
D r a w  a vacuum on the par t  and check bag assem- 
b l y  f o r  l e a k s .  
1.4  Laminate/Core  Laminating  Cure 
1 . 4 . 1  P lace   the   assembled   par t   and   too l ing  i n  a room- 
temperature  a i r  r e c i r c u l a t i n g   o v e n .   B r i n g   p a r t  
temperature  up t o  325 k 10°F  (437 k 5.6 K ) .  
1 . 4 . 2  M a i n t a i n  p a r t  t e m p e r a t u r e  f o r  1 hour a t  23 
inches  of Hg ( 7 7 . 7  kN/m2) minimum p r e s s u r e .  
1 .4 .3   Coo l   pa r t   t o   100°F   (311  K) under vacuum pres- 
s u r e  b e f o r e  d i s a s s e m b l y .  
1 . 4 . 4   I n s p e c t   t h e   l a m i n a t e d   p a r t   f o r   c o n f o r m a n c e   t o  
d imens iona l   to le rances ,   warpage ,   b roken   ce l l  
wal l s ,  and f i l l e t i n g  a c t i o n  a t  the  laminate- to-  
core bond. 
2 .  P r e p a r a t i o n  of Core /Laminate   Panels   for   Abla t ion  Material 
2 . 1  Drill r e l i e f   h o l e s   0 . 0 6 3   i n .   ( 0 . 1 6  cm) i n   d i a m e t e r  
t h r o u g h  t h e  l a m i n a t e  f a c e  i n t o  e a c h  honeycomb c e l l .  
Use a n  a b r a s i o n - r e s i s t a n t  d r i l l  s u c h  as ca rb ide  wi th -  
o u t   l u b r i c a t i o n .  Drill must  be c u t  and  resharpened 
s o  only  1 /4  of  a t w i s t  e x i s t s .  
2 . 2  Apply a w e t  coa t  of p h e n o l i c  v a r n i s h  a n d  a l c o h o l  mix- 
t u r e  t o  t h e  c o r e  and laminate  by d i p  c o a t i n g .  
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2 .3   The   we t - coa t   pheno l i c   compos i t ion   sha l l   be  as f o l l o w s :  
SC-1008 v a r n i s h  - 50 p a r t s  by  weight ;  
A l c o h o l   ( e t h y l )  - 50 p a r t s  b y  w e i g h t .  
2 . 4  T h e n  p l a c e  t h e  p a n e l  w i t h  t h e  o p e n  s i d e  o f  ce l l s  down 
and  a l low i t  t o  d r a i n  o n  a b s o r b a n t  p a p e r  o r  c l o t h  
f o r  % hour .  
2 . 5  P l a c e  t h e  p a n e l  i n  a n  a i r - c i r c u l a t i n g  o v e n  a n d  d r y  
t h e  r e s i n  c o a t i n g  a t  120°F  (322 K) f o r  2 hour s .  A 
" t a c k - f r e e "  u n c u r e d  r e s i n o u s  s u r f a c e  s h o u l d  r e s u l t .  
3. A b l a t i v e  Material Formula t ion  
I n g r e d i e n t  Par ts   by   Weigh t  
S y l g a r d   1 8 2   r e s i n  
71 .O Pheno l ic  mic rospheres  
4.0 Ref   ras  i1 f i b e r s  
2.2 Sy lga rd   182   cu r ing   agen t  
22.8 
3.1 Raw Material P r e p a r a t i o n  
3.1.1 D i s c a r d   r e t a i n e d  material a n d   d r y   t h e   f i n e s  
unde r   23   i nches  Hg ( 7 7 . 7  kN/m2)  minimum a t  
150 k 10°F  (339 f 5 . 6  K) f o r  24 hour s .  
3 . 1 . 2   S i z e   t h e   p h e n o l i c   m i c r o s p h e r e s   t h r o u g h  a 30- 
mesh sieve.  
3.1.3 S t o r e   t h e   d r i e d   m i c r o s p h e r e s   i n   a i r t i g h t   p o l y -  
e t h y l e n e  b a g s  u n t i l  r e a d y  f o r  f o r m u l a t i o n .  
3.2  Mixing 
3 . 2 . 1   F i b e r / r e s i n   d i s p e r s i o n  
3 .2 .1 .1  Weigh t h e   n e c e s s a r y   a m o u n t   o f   t h e   r e s i n   t o  
a c c o m p l i s h  t h e  p r o p o r t i o n a l i t y  r e q u i r e d  o n  
t h e  b a t c h  b e i n g  f o r m u l a t e d  a n d  p l a c e  i n  t h e  
N-50 p l a n e t a r y  m i x e r .  
3 .2 .1 .2   Weigh   t he   r equ i r ed   amoun t   o f   ca t a lys t   and  
add t o  t h e  r e s i n .  
3 .2 .1 .3  Mix f o r  2 minu tes  a t  s p e e d   s e t t i n g  No. 1 
fo l lowed  by 3 minu tes  a t  s p e e d  s e t t i n g  No. 2 
(5 m i n u t e s  t o t a l  m i x ) .  
3 .2 .1 .4   Weigh  the  proper   amount  of f i b e r s  a n d  a d d  t o  
t h e  r e s i n  m i x t u r e  a n d  m i x  f o r  1 0  m i n u t e s  a t  
s p e e d  s e t t i n g  No. 1. 
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3.2.1.5  Slowly  and  evenly,   over a per iod   of   approxi -  
mate ly  5 minutes ,  add 20% of t h e  p h e n o l i c  
m i c r o s p h e r e s  t o  t h e  r u n n i n g  mixer t o  o b t a i n  
comple t e  we t t ing  o f  t he  mic rosphe res .  
3 . 2 . 1 . 6   T r a n s f e r   t h e   c o n t e n t s   o f   t h e  small p l a n e t a r y  
m i x e r  t o  t h e  l a r g e  A-200 p lane tary  mixer  and  
add the   r ema in ing   mic rosphe res .  Mix f o r   4 5  
minutes  . 
3 .2 .1 .7   Examine   t he   ab la t ive   mix tu re   t o   a s su re  homo- 
g e n e i   t y  . 
4.   Prepara t ion   and   Packing   of   the   Panel  
4 . 1  T o o l i n g   P r e p a r a t i o n  
4 .1 .1   So lven t - c l ean  a l l  t o o l i n g   a n d   f i x t u r e s .  
4 .1 .2   Apply   re lease- type   agent   to   too l ing   and   f ix -  
t u r e s .  
4 . 1 . 3  P o s i t i o n  1 p l y   o f   c o a r s e   f i b e r g l a s s   b l e e d e r  
c l o t h   o n   t o o l   b a s e .   O v e r l a y  1 p ly   o f   f i ne -  
w e a v e   b l e e d e r   f i b e r g l a s s   f a b r i c .   B o t h   p l i e s  
s h a l l  b e  s u f f i c i e n t l y  l a r g e  t o  e x t e n d  beyond 
the  edge  of  the  subsequent ly  super imposed  
' ' p i c t u r e  f r a m e ' '  f i x t u r e .  
4 .1 .4   Cen te r   t he   p rev ious ly   we t - coa ted  honeycomb 
pane l  on  the  b l eede r  and  release p l i e s  w i t h  
t h e  open-ended c e l l s  u p .  
4 . 1 . 5   I n s t a l l  a " p i c t u r e   f r a m e "   f i x t u r e   a r o u n d   t h e  
honeycomb p a n e l .   T h e   f i x t u r e   s h a l l   b e   t h e  
same h e i g h t  as t h e  honeycomb p a n e l  a n d  s h a l l  
f i t  t h e  p a n e l  p e r i p h e r y  s n u g l y  b u t  w i t h o u t  
d i s t o r t i n g  t h e  honeycomb ce l l s .  
4 .1 .6   Inspec t   the   a l ignment   o f  a l l  t o o l i n g  and p a r t .  
C o r r e c t  as necessa ry .  
4 . 1 . 7  P o s i t i o n  a c l e a n  p i e c e  of M y l a r  f i l m  a c r o s s  
t h e  t o p  of t h e  honeycomb panel  and  ex tending  
beyond t h e  p i c t u r e  f r a m e  e d g e s .  
4 .1 .8   Supe r impose   ano the r   p i c tu re   f r ame   f ix tu re ,   o f  
t h e  same dimens ions ,  over  the  lower  one  wi th  
Mylar fi lm sandwiched between. 
4 .1 .9   In spec t   t he   a l ignmen t   o f  a l l  t o o l i n g   a n d   p a r t .  
C o r r e c t  as necessa ry .  
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4.2  Panel   Packing 
4 . 2 . 1  C a l c u l a t e  t h e  t o t a l  weight   of  material r e q u i r e d  
t o  f i l l  t h e  p a n e l  and leave a $-inch  (1.27-cm) 
head .   P lace   40%  of   the   mixed   ab la t ive  rhaterial 
e v e n l y  i n  t h e  t o p  p i c t u r e  f r a m e .  
4 .2 .2  Pu l l  t he  Myla r  f i lm  f rom be tween  the  two p i c -  
t u r e   f r a m e s  . 
4 . 2 . 3   G e n t l y   p r e s s   t h e   a b l a t i v e  material i n t o  t h e  
c e l l  c a v i t i e s  u s i n g  a 2$-inch  (6.35-cm)  diam- 
eter hand  tamper. Material s t a l l  p e n e t r a t e  
b e t w e e n  p a r t i a l  c e l l s  and p i c t u r e  f r a m e  i n n e r  
s u r f   a c e s .  
4 .2 .4   Repea t   s t eps  4 . 2 . 1  through  4.2.3  twice.   The 
second material  load ing  we igh t  i s  t o  b e  20% 
o f  t h e  t o t a l  w e i g h t .  
4 .2 .5   Ca re fu l ly   r emove   t op   p i c tu re   f r ame   d i s tu rb ing  
t h e  a b l a t i v e  material head as l i t t l e  as p o s s i b l e .  
4 .2 .6   Cover   the   par t ia l ly   compacted   assembly   wi th  a 
r e l e a s e - t r e a t e d   f i b e r g l a s s   b l e e d e r   p l y .  The 
b l e e d e r  s h a l l  b e  s u f f i c i e n t l y  l a r g e  t o  e x t e n d  
down t o  t h e  t o o l  b a s e  and  over lap  the  bot tom 
b l e e d e r  p l i e s .  
4.2.7  Assemble a vacuum bag   (ny lon)   over   the   assembly  
and s e a l  t o  t h e  t o o l  b a s e .  
4 . 2 . 8  Evacuate   and  maintain a minimum of   23   inches  
Hg (77.7 kN/m2) vacuum  on t h e  p a n e l .  
4 .2 .9   Vibra te   the   assembly   us ing  a pneumat i c   r i ve t  
gun w i t h  a 2-inch  (5.08-cm)  diameter  head  and 
a p r e s s u r e  s e t t i n g  o f  40 p s i  ( 2 7 . 6  kN/m2) t o  
p a c k  t h e  a b l a t i v e  material i n t o  t h e  honeycomb 
c e l l s .   V i b r a t e   t h e   a s s e m b l y  by a l t e r n a t i n g  
d i r e c t i o n  u n t i l  t h e  "head"  of material remain- 
i ng  above  the  co re  is approximate ly  % i n c h .  
4 . 2 . 1 0   P l a c e   a s s e m b l y   i n t o   a u t o c l a v e   a n d   s u b j e c t   t o  
a 10-minute  dwell  a t  50 p s i  ( 3 4 . 5  kN/m2) a f t e r  
a p r e s s u r i z a t i o n  r a t e  of 5 t o  1 0  p s i  ( 3 . 4 5  t o  
6 .9  kN/m2) pe r  minu te .  
4.2.11 After  comple t ion  of t h e   p r e s s u r e   c y c l e ,  remove 
the  assembly  f rom the  au toc lave  and  remove  the  
vacuum bag  and  b leeder  p ly  and  respread  the  
material "head" evenly to  a un i fo rm dep th  o f  
approximate ly  % i nch .  
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